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ABSTRACT
The objective of this research was to determine how the structural properties of 
lodgepole pine, finwj conto/Ta Dougl. var. Wi/bfza Engel., roots affect tree growth, stability, 
and mortality as well as host selection by the Warren root collar weevil, warrem
Wood (Coleoptera: Curculionidae). Surveys of 3-10 year old planted and naturally 
regenerated pine revealed that root deformity is more severe in planted versus naturally 
regenerated pine. Planted trees had a lower height to diameter ratio than natural trees and 
this lowered ratio was compounded for planted trees with moderate and severe root 
deformation. However, planted trees with low and moderate root deformation had 
significantly higher growth rates than natural trees; however, these higher growth rates were 
not seen in planted trees with severe root deformation. Stability of young pines did not vary 
with root form, but planted trees may have an increased risk of mortality as a result of lower 
root surface area.
Indirectly, root form influenced tree susceptibility to Warren root collar weevil by 
influencing tree size. In addition, root form may have some effect on larval survival by 
influencing carbon and nutrient allocation and secondary metabolite production. Planted and 
natural trees, although they showed no difference in weevil attack, had different root forms 
that affected the impact of weevil on tree growth. Weevil-attacked planted trees at a given 
diameter were shorter and less stable than weevil-attacked natural trees at the same diameter 
and may therefore be at a higher risk for mortality. Finally, an experimental planting fault 
trial showed that common planting faults may alter above-ground characteristics of planted 
trees although more long term results are required to ascertain the full impacts of root form 
on planted trees.
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1: INTRODUCTION
Plant-feeding insect species make up over a quarter of all macroscopic organisms 
(Bemays and Chapman, 1994). Such enormous numbers and diversity of insects, with many 
mechanisms for exploiting plant resources, profoundly affect the interests of humans. This is 
certainly prevalent in forest management in British Columbia where commercially, socially, 
and environmentally important tree species act as hosts to numerous insects. Host plant 
properties often affect host selection by insects (Bemays and Chapman, 1994); understanding 
tree characteristics that affect insect behavior and host selection is key for management of 
forest resources.
The overall objective of this research is to determine how structural root properties of 
lodgepole pine (Pinwf contorfu Dougl. var. Engel.) affect tree growth, stability and
mortality as well as host selection by the Warren root collar weevil warreni
Wood). This chapter will set the context for this study on root form and weevil incidence. 
Relevant characteristics of lodgepole pine and the Warren root collar weevil are included as 
well as pertinent information on the ejects of plant nutritive components and tree defense 
on insect host selection and performance. This will provide the theoretical and applied 
background that wiU serve as a foundation for my research.
1.1 Lodgepole pine
The main host of the Warren root collar weevil, lodgepole pine, is widely planted in 
the central interior of British Columbia, and is a very important commercial conifer species 
to the Prince George Forest Region (Pederson, 1996). There are four varieties of lodgepole 
pine in North America: shore pine, P. contorfu var. conforta, Bolander pine, P. conforta var.
toZowien, Sierra lodgepole pine, P. co/iTorfa var. /nu/Toyana; and interior lodgepole pine, P. 
conforta var. Zofi/bZio (Bums and Honkala, 1990). The latter is found in the interior of 
British Columbia and is the focus of this research. Lodgepole pine has a much more 
extensive range, occurring in Mexico, and north into the Yukon and Alaska and east into 
Alberta.
Lodgepole pine grows on a number of soil types, but prefers moist soils. In Canada, 
extensive stands occur on calcareous glacial tills (Smithers, 1961, cited in Bums and
Honkala, 1990). North and east aspects are more favorable than south or west aspects 
(Alexander, 1974, cited in Bums and Honkala, 1990). Most natural stands are initiated by 
fire and large predominantly pure stands are common (Farrar, 1997).
1.2 Root form
Initial root habit is a determining factor in the survival and development of an 
individual tree (Toumey, 1929, cited in Preston, 1942). The depth of root penetration and 
moisture content of soil are two important factors aHecting establishment and growth of 
seedlings in interior British Columbia (Eis, 1965). Initial root form in naturally regenerated 
trees is affected by soil structure, obstacles, slash, vegetation, competition and the presence 
of old roots in soil (Preston, 1942; Tinus, 1978). In planted trees, initial root form is also 
affected by nursery practices and growing technique. The following section reviews the 
literature on the root form of naturally regenerated trees, and the next section reviews the root 
form in planted trees, highlighting the root deformities that consistently appear in plantation 
trees.
1.3 Natural tree root form
Several studies address the root morphology in naturally regenerated lodgepole pine. 
Preston (1942) examined lodgepole pine rooting habit on two different sites: gravelly sandy 
loams to gravelly sands originating from glacial moraine parent material and almost pure 
sand and gravel. His study shows that normal tap root growth proceeds almost linearly for 
the first 15 years of a tree's life. Where the taproot is unable to develop normally (i.e. in the 
case of an obstruction), one or more of the main lateral roots branch and send one fork down 
to the depth that the tap root would have been expected to reach. Normal or natural 
lodgepole pine root systems also do not have a uniform distribution of vertical and horizontal 
roots; some areas were noted to have crowded roots whereas other areas showed virtually no 
roots. Although lodgepole pine typically shows taproot development with laterals (Figure 
1.1), Preston (1942) indicates that there is no deAnite symmetry of development in this 
species.
n
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Figure 1.1. Side (left) and top view (right) of an unobstructed root from a naturally 
regenerated lodgepole pine.
Preston (1942) does note that the main lateral roots usually arise from the upper 3 
inches (7.62 cm) of the tap root and the m^ority of the roots occur in the upper 6 inches 
(15.24 cm) of the soil profile. Preston (1942) suggests that root systems change dramatically 
over the lifetime of a tree with the death and replacement of roots and the extension of the 
root system; the entire root system can completely change several times over its life time. 
Martinsson (1986) argues, however, that the main structural roots of the natural mature root 
system are determined by root development in seedlings as most of the main structural roots 
are formed at the early stages of tree development.
Eis (1970) studied the root form of natural juvenile white spruce, subalpine fir, and 
lodgepole pine on three different soil types and found similar effects of soil on rooting habits. 
Eis notes that asymmetrical rooting patterns are common in all three species. An average 
pine root has three to five primary laterals with numerous, dense secondary laterals. He 
concluded that where soil types are similar, the root form as well as the thickness and length 
of taproots were similar. On clays, the depth of root penetration is generally much less than 
on more permeable soils resulting in well-developed laterals but stunted taproots. In shallow 
sands underlaid by coarse gravel, taproots exhibit an L- or J-root formation or are branched. 
In these situations, oblique penetration by laterals or sinkers often continues past the taproot 
to the depths normally achieved in an unrestricted soil. Across all soil types, well-developed 
taproots were observed in 80% of all pine trees excavated. Schultz (1973) also showed that 
root restricting layers can cause stunted or deformed (L- or J-shaped) root morphology in 
twelve-year-old trees.
1.4 Planted tree root form
For many years, deviations from the natural root form have also been documented in 
planted trees (Rudolph, 1939; Schantz-Hansen, 1945; Gruschow, 1959; Woods, 1980; 
Krasowski and Owens, 2000). These studies consistently report that planted tree root 
systems often maintain deformities for many years. There is currently no standardized 
method for measuring root morphology, and there are no standardized definitions for terms 
used to describe tree root morphology. However, types of root deformations in planted trees 
consistently described and reported include tree root balling or knotting (Hay and Woods, 
1968; Hay and Woods, 1974; Woods, 1980), spiral rooting (Lindgren and Orlander, 1978), J- 
rooting or L-rooting (Hay and Woods, 1968; Hay and Woods, 1974; Sutton, 1978; Woods, 
1980), slit plant morphology (Rudolph, 1939; Gruschow, 1959; Schultz, 1973) and taproot 
deformation (Martinsson, 1986). In addition, lateral development and spread is described in 
a number of ways: root diameter, surface area, numbers, origins, and hierarchy (Fitter, 1985; 
Coutts et al., 1990).
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Figure 1.2. A planted root system with severe deformation from the side view (left) and 
from the top (right). Weevil attack is identified by the arrow in the left picture.
Schultz (1973) found that soil properties and some planting techniques greatly 
aEected the development of root systems in planted slash pine, fm wj gZliofi! Engelm.
Taproot deformities due to planting faults were found on 46% of trees excavated after five 
years. Laterals were also often deformed. Shultz (1973) reported that 54% of all the laterals 
measured on five-year-old planted trees were deformed, with an average of eleven deformed 
lateral roots per tree. He suggests that lateral deformation results from planting in a slit as 
roots tend to grow along the slit or in furrows. His findings concur with earlier findings by 
Schantz-Hansen (1945) who found that jack pine (fmw.y bunLymmz) excavated after two 
years had lateral root growth along the slit that was almost double the lateral root 
development perpendicular to the slit.
Physical root deformities in planted trees have not only been described but have been 
shown to impact the potential tree growth and stability. Some authors report an association 
between root deformation and a change in above-ground growth. Krasowski and Owens 
(2000) demonstrated that, three years after outplanting, seedlings that originated in 
polystyroblock containers and that had been root pruned had grown more than seedlings with 
intact roots. Hay and Woods (1974) reported that the root systems of large seedlings were 
more deformed than root systems of smaller seedlings in the same area. They suggested that 
increased carbohydrate and plant hormone accumulation above root deformities could 
stimulate stem and foliage growth. Roots spiraling around the circumference of the tree or 
bent into a or "L" shape have been shown to act as physical barriers to translocation into 
the root system which can affect plant growth and development (Hay and Woods, 1978; 
Grene, 1978; Graham and Bormann, 1966, cited in Van Eerden, 1978). At the other end of 
the spectrum, Gruschow (1959) did not find any difference in above-ground growth of young
seedlings with good roots, J-roots, L-roots, and root balls although he does suggest that, over 
the long term, the effects of root form on planted trees may indeed begin to appear. Woods 
(1980) also concluded that root form has no signiAcant effect on above-ground growth or 
survival, and Schultz (1973) reported no signiAcant reducAon in above-ground growth at age 
Ave or twelve for slash pine with root development problems. Thus, any impacts of root 
form on above-ground growth and the health of planted trees may be quite difAcult to 
discern.
Several studies have demonstrated a link between root deformation and stability of 
pines. Burdett (1979) argues that natural root form is much better able to resist wind force on 
the stem because the well-distributed laterals and deep taproot act as stabilizers when the 
main axis of the tree is displaced. The deformities present in planted trees, however, are 
unlikely to provide similar anchoring support. Krasowski (2003) found that planted trees 
with pruned roots showed a higher stability than containenzed seedings 11 years aAer 
planting. He suggests that stability in lodgepole pine is a function of the number, size, and 
distribuAon of the lateral and sinker roots. Coutts (1983) further suggests that shallow main 
laterals function to stabilize a tree on the windward side whereas deeper honzontal roots 
reinforce tree stability on the lee side. He also suggests that a tree with a few large laterals 
will resist windthrow better than a Aee with many thin laterals. Planted trees, therefore, are 
oAen expected to be less stable than natural trees, although the age at which container-grown 
lodgepole pine trees could be expected to become unstable is unknown.
1.5 The Warren root collar weevil
Early work on the descnpAon and anatomy of the Warren root collar weevil was 
published in Warren (1957), Warren (1960) and Wilson et al. (1966). Since then, almost all
of the work on the biology and ecology of this species was done by Dr. Herbert Cerezke. A 
large portion of cumulative work on this insect was published in a review paper (Cerezke 
1994) and therefore, most of the information in the following sections is based on that 
pubhcadon.
The Warren root collar weevil is classified under the subfamily Hylobiinae, family 
Curculionidae (weevils or snout beetles) in the order Coleoptera (Borror et al., 1976). It is 
dark in colour, relatively large (13.0mm and 13.7mm long for males and females, 
respectively), and flightless (Cerezke, 1994). Several of the species in this subfamily are 
important pests of pine and other conifers. Important species in the genus that feed
on pine and spruce species in North America include conggwer Dalla Torre.
Shenkling, and Marshall, H. Herbst, H. pmicoZa Couper, and H. rodzcw Buchanan. 
Although these species are in the genus their life cycles differ considerably. H.
woTTgni (Cerezke, 1994; Grant, 1966; Warner, 1966), H. pmico/a (Grant, 1966), and H. 
rcKficû (Wilson and Millers, 1983) are parasites on healthy, live trees whereas H. pafgg 
(Hoffman et al. 1997; Warner 1966) and H. conggngr (Warner 1966) generally breed in 
dying or dead trees and stumps.
H. warrg/z! is indigenous to coniferous forests in North America (Cerezke, 1994). It 
extends throughout most of the forested areas in Canada, from Newfoundland to coastal 
British Columbia and into the southern part of the Northwest Territories and the Yukon. 
There are a few records of its presence in Maine, Michigan, New York, and North Carolina 
(Cerezke, 1994).
The hosts of the Warren root collar weevil include most pine and spruce trees native 
to Canada, as well as some exotic species (Cerezke, 1994), but lodgepole pine, jack pine
(fm uj Lamb.) and white spruce (ficga g/awcu (Moench)Voss) are preferred.
White spruce and black spruce (ficea  manwm (Mill.) B.S.P.) are usually attacked if they 
occur intermixed with lodgepole pine. Less frequent hosts include western white pine (fmwf 
moniicoZa Dougl. ex D. Don), and Engelmann (ficgo gnggZma/mn Parry ex Engelm.) and 
Sitka (Piceo fircAgnjiy (Bong.) Carr.) spruces. In eastern Canada, the weevils will attack 
eastern white pine (Pinwj L.), red pine (P;»w.y Ait.) and black spruce. Two
exotic species, Scots pine (Pmw.y syZvgsrn.y L.) and Norway spruce (Pzcea L.), can also 
act as hosts. High risk areas for weevil are those with site conditions rated from intermediate 
moisture to high moisture and with a moderate to high productivity of white spruce, jack 
pine, and lodgepole pine (Cerezke, 1994).
1.6 Life cycle and ecology
Oviposition occurs from late May to early September with a peak oviposition period 
in July (Cerezke, 1994). Cerezke (1994) reports an average seasonal egg productivity of two 
dozen eggs per female. The timing and number of eggs are not out of the range that Wilson 
and Millers (1983) report for H. in eastern Canada. Eggs are deposited singly on or
under bark scales, in soil adjacent to the base of the tree, or in small niches chewed into the 
bark. A higher proportion of egg niches were found on those trees with a thick moss layer in 
areas of increased moisture, and high moisture content appears to be important throughout 
embryonic development in order for a successful hatch to occur (Cerezke, 1994).
The larval stage causes the most damage, and is the most easily identified indicator of 
an attacked tree. The larva is a white legless grub with a brown head capsule (Figure 1.3). 
The larval stage is parasitic on the live host tree, feeding in below-ground galleries present in 
the bark and cambial tissues of the root collar and roots, sometimes causing extensive
damage. However, it is only when the weevil girdles the complete circumference of the tree 
that host mortality occurs (Cerezke, 1994).
Figure 1.3. The larvae of the Warren root collar weevil is pictured (left) beside an example 
of weevil damage on a poorly formed root system (right). The arrows in the right picture 
identify larval galleries.
Pitch exuded by an attacked tree is mixed with particles of the chewed 08  ^bark and 
soil to create a protective covering, which looks pinkish-brown when fresh and eventually 
hardens into a black mass (Figure 1.4). Weevil-attacked trees are easily recognizable by the 
presence of this protective covering below the soil surface at the base of the tree or on m^or 
roots. Larvae tend to be concentrated on dominant and co-dominant trees in a stand 
(Cerezke, 1974).
The larvae spend the first winter in their galleries excavated at the root collar. In the 
summer of the second year, they construct a firm pupal chamber of resin and soil. The 
prepupal and pupal stages remain in this chamber about 8 weeks. The adults usually emerge 
in the fall of the second year. After harvesting, scariRcation or prescribed burning can be 
used to reduce larvae and pupal numbers on residual stumps, which will reduce potential 
mortality of young trees in the regenerating stand (Cerezke, 1994).
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Figure 1.4. Weevil damage exposed after the black pitch mass was removed on a tree 
approximately 30 years old. Two larvae are identified in their galleries by the arrows.
Unlike the larvae, the adults feed on the bark of small twigs in the crown and 
occasionally on the bark of small roots (Figure 1.5). Damage by adult weevils could 
potentially cause wounds that may increase the tree's susceptibility to infection by secondary 
pathogens (Cerezke, 1994). Although adult weevils are long lived, populations are relatively 
low, and so they do minimal damage.
Adult females are thought to be more active than males during feeding and host 
selection and Cerezke (1994) suggests that females likely seek out the moist conditions at the 
root collar for oviposition. Weevils are most active at night; they return to the duff during 
the day to rest (Cerezke, 1994; Wilson and Millers, 1983). Adults have been recorded to 
disperse up to 11.3 metres in one night and they may visit more than one tree during the 
night. Although active in the dark, Cerezke (1994) suggests that suitable host trees are 
probably visually selected. Weevils appear to be attracted to large diameter tree silhouettes. 
This is supported by unpublished data from a weevil orientation study where weevils were 
signiAcantly attracted to dark silhouettes in a bioassay arena under low light conditions (J.
11
Robert, unpublished data). Wilson and Millers (1983) also report that rodicig uses visual 
cues to locate shelter.
photo credit: Jeanue Robert
Figure 1.5. An adult Warren root collar weevil.
Finally, there are few identified causes of weevil mortality at any of the life stages. 
Eggs are thought to be vulnerable to desiccation and predation by arthropods although no 
parasitoids or predators of the egg stage have actually been observed (Cerezke 1994). The 
primary cause of mortality at the larval stage appears to be excessive moisture in the gallery. 
One parasitoid ichneumonid wasp was identified in the larval stage, although it accounted for 
less than 5 % of the mortality in larvae over 4 years of study (Cerezke 1994). Pupae are 
susceptible to excessive moisture and fungal infections in the pupal chamber. Adults, as 
well, appear to have few predators or parasitoids. Cerezke (1994) commonly observed adults 
with infestations of mites, but only one adult weevil was found to have a nematode internal 
parasite.
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1.7 SigniGcance of weevil as a forest health agent
Tree mortality can occur if one or more larvae completely girdle the tree. Young 
plantations with small-diameter trees have the highest risk of mortality (Cerezke, 1994). 
Densely stocked stands (greater than 15,(XX) to 20,000 trees per hectare), however, are at 
decreased risk for the weevil. Cerezke (1994) suggests that this may be a result of drier 
humus and lower soil temperature due to complete crown closure. Cerezke (1994) therefore 
suggests that thinning such densely stocked stands may actually provide better conditions for 
weevil infestations. A delay of fifteen to twenty years before thinning allows for increased 
diameter growth and reduces the risk of mortality due to girdling by the weevil. Even though 
mortality is a possibility, however, the usual mortality due to the weevil rarely exceeds 5% of 
the stand (Cerezke, 1994).
Weevil attacks are most evident on 5-20 year old trees, and many plantations in 
northern British Columbia are now reaching susceptible age. Severely affected trees of this 
age class exhibit above-ground growth reduction and decreased root diameter growth 
(Cerezke, 1974). Girdling of more than 60-80% resulted in signiAcantly reduced height and 
diameter increment for all trees studied (Cerezke, 1994). Young lodgepole pine trees with 
50% of the stem girdled showed height reductions of 11.5% in the second year after girdling 
and 16.4% in the third year after girdling. In spite of these growth losses, the insect is not 
considered a m^or pest in lodgepole pine plantations because mortality due to weevil attack 
is usually limited (Cerezke, 1974).
The Warren root collar weevil has several unique life history traits that make it a pest 
organism of potential signiAcance to BnAsh Columbia's forest industry. It is unusual among 
beetles in that it can live as long as Ave years (Cerezke, 1994). The longevity of this weevil
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is a prime concern during regeneration of host trees. Cerezke (1994) suggests a planting 
delay of two to three years in areas where large pre-harvest weevil populations were present, 
as the larvae cannot survive on very young seedlings and the adult population will dechne by 
the time planted stock reaches susceptibility at age five.
1.8 Effect of carbohydrate and nitrogen accumulation on insect 
performance
While the direct measurement of plant nutrients and defense compounds is beyond 
the scope of this thesis, they are an integral part of plant-insect interaction. Therefore 
discussion of the effects of root form on host susceptibility will include aspects of plant 
nutritive value and host defense as outlined in the following two sections. As well, these 
sections provide some of the rationale that led to the objectives for this study.
Root deformation that inhibits transport and causes swelling in tree stems (see section
1.4) may alter the susceptibility of trees to attack by insects such as the Warren root collar 
weevil. Plant stress can cause changes in the carbon and nitrogen concentrations. For 
example, the accumulation of carbohydrates above a J-root (Hay and Woods, 1968), or 
accumulation around a graft if  translocation is disrupted, could have important implications 
for insect nutrition. In addition, as moisture stress increases, total nitrogen gradually 
increases (Mattson, 1980). Physical injury (caused by cracking or twisted roots) may lead to 
increases in total protein nitrogen as the plant repairs and defends itself (Mattson, 1980).
These types of changes in tree physiology with the presence of root deformation may 
have a number of implications for the performance of phytophagous insects. Carbohydrates 
are important nutrients for herbivorous insects (Bemays and Chapman, 1994). Starches, 
fructosans (fructose polymers), and sugars all occur frequently in plants and are exploited by
14
insects. Sugars are considered universal phagostimulants; generally, the principal 
phagostimulants for most insects are sucrose and fructose. The effectiveness of sugar as an 
attractant increases with its concentration (Bemays and Chapman, 1994).
Nitrogen is also extremely important for phytophagous insects and varies throughout 
the plant. Nitrogen is a m^or nutrient and the most commonly limiting nutrient for insect 
growth and development (Bemays and Chapman, 1994). Free amino acids are often 
transported in phloem and are of particular importance to phloem feeders. The reduction of 
nitrate into useable organic solutes of nitrogen occurs in the roots of trees before 
transportation up the xylem in the form of glutamine in pines (Bemays and Chapman, 1994).
Although some nitrogen in the form of amino acids may be perceptible for insects, 
generally, stimulation for eating is caused by sugars. In a study done on the Colorado potato 
beetle, dgcgm/fngam, (Order Coleoptera) and other insects (other orders tested
included Orthoptera, Hemiptera, and Lepidoptera), D-sucrose was found to be strongly 
stimulating across all groups. For L. (iecemlmeora, several amino acids including L-alanine, 
y-aminobutyric acid, L-seiine, and L-proline were found to be somewhat stimulating and D- 
glucose and L-sorbose were found to be only weakly stimulating (Bemays and Chapman, 
1994). Miller and Berryman (1986) found that mountain pine beetle attack densities were 
always higher above manual girdles (areas of high carbohydrate concentration) in lodgepole 
pine. They suggested that this could be a result of carbohydrate-feeding stimulants, or due to 
increased availability of carbon for defense in that area. Thus, changes in tree physiology 
that result in increased concentrations of plant nutrients, especially carbohydrates and 
nitrogen, can have implications for insect herbivores.
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1.9 Tree defense in conifers
Tree defense in lodgepole pine is another consideration when looking at plant-insect 
interactions especially when studying host selection and performance of a resin-tolerant 
insect like the Warren root collar weevil. Lieutier (2002) defines a "solitary strategy" that 
exists among some insects that bore into conifers. This strategy is characterized by galleries 
that are perpendicular to the axis of the tree and the lack of associated pathogenic fungi that 
minimizes the hypersensitive reaction in the host. Larvae and eggs are generally highly 
tolerant of resin defenses and can develop completely without killing the tree. In addition, 
aggregation pheromones do not exist in species of insects that use this strategy. Adults of 
insects employing this strategy often recognize suitable hosts based on preformed defenses 
(such as preformed resin flow), moisture or stilbene content (Lieutier, 2002). I would argue 
that the Warren root collar weevil uses this solitary strategy and is therefore highly tolerant 
of tree defense mechanisms. There is some evidence, however, that the chemical compounds 
in resin may affect host suitability for weevil. Duke (2001) suggests that 6-3-carene may be 
repellent to warreni as it has also been foimd to be a component in the resin of lodgepole 
pine trees resistant to pitch moth (Rocchini et al., 2000). Several attractive or repellent 
compounds have been identiOed for weevils in the same genus. Monoterpenes such as 
limonene have been found to be repellent to L. (Nordlander, 1991) whereas
decomposition products such as ethanol were found to be attractive to (Nordlander
et al., 1986). Lindelow et al. (1993) found that combinations of different terpenes were 
variously attractive to six species of bark beetles and weevils. Tree defense thus has an 
impact on host susceptibility to weevil attack in many species and is likely to occur in ff. 
warrg»! as weU.
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The level of tree defense may fluctuate depending on genetics of the host tree as well 
as the resource and carbon availability within the plant (Larsson, 2002). Herms and Mattson 
(1992) outline a growth-differentiation balance hypothesis for plant defense. This hypothesis 
suggests that there is a tradeoff within plants to use available resources for growth or for 
defense, and this tradeoff is dependent on resource availability for both functions. When 
growth is limited by resource availability (such as water stress, defoliation, or reproductive 
effort), an increased amount of carbon is available for the synthesis of defense compounds. 
Therefore, in low resource environments, plants will exhibit a low growth rate and moderate 
concentrations of defense compounds (Stamp, 2003). As resources increase, allocation to 
defense will first increase, but where resources are not limiting growth will be predominant 
and concentrations of defense compounds will decline (Stamp, 2003). Because carbon is 
generated in the foliage through photosynthesis and water and nutrient uptake is mediated 
through the root system, root system architecture could have implications for concentrations 
of plant defense compounds as well as growth. Thus, if  root form affects tree growth or 
carbon allocation then hosts susceptibility to attack by insects, such as the Warren root collar 
weevil, may also be altered.
1.10 Why examine root form and weevil incidence in lodgepole pine?
Although research on ff. warrgn; in Alberta was summarized by Cerezke (1994) and 
for a similar eastern species (H. ro f^zcir) by Wilson and Millers (1983), there is no 
information about the incidence of attacks in the central interior of British Columbia. Its 
primary host, lodgepole pine, is also naturally widespread and widely planted in British 
Columbia. This weevil has the potential to become increasingly important as lodgepole pine 
regeneration increases throughout this area.
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Tree level information is required to understand the impacts of this insect. Trees 
exhibiting root deformation may be more susceptible to attack by insects. A search for 
weevils in a 5-6 year old lodgepole pine plantation near Prince George revealed that trees 
with severe spiral root appeared more likely to support infestations of weevil larvae (B.S. 
Lindgren, personal communication). Weevil attack on trees with deformed root systems also 
appears to occur more frequently, or to cause more severe damage than on trees with 
properly formed root systems. Preliminary observations, therefore, suggest that 
physiologically compromised trees (e.g., trees with root development problems) appear to 
have a high incidence of root collar weevil damage. However, no quantitative or qualitative 
data have been collected from planted trees to directly verify the effect of root development 
problems on physiological stress and the tree's susceptibility to attack by the Warren root 
collar weevil.
Understanding the causes of tree stress in both planted and naturally regenerated 
lodgepole pine and how this relates to the susceptibility of attack by the Warren root collar 
weevil will be important in developing approaches for mitigating the impact of this insect on 
current and future plantations. Incidence of attack and host selection preferences of the 
Warren root collar weevil must be determined in order to uncover the extent of impact on the 
vigour and quality of planted stock in the central interior of British Columbia.
1.11 General Research Objectives
The general objectives of this research were to identify tree level factors associated 
with the potential for attack by Warren root collar weevil and to assess the effect of root 
deformation on susceptibility of lodgepole pine to attack by weevil. The results of these 
investigations are divided into three chapters. Chapter 2 examines the extent and severity of
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root deformation in planted versus naturally regenerated lodgepole pine, and how root 
deformation affects growth, growth rate, stability and mortality in trees. Chapter 3 
investigates the incidence and severity of root collar weevil damage in plantations, compares 
the incidence and damage with that of naturally regenerated trees, and assesses the impact of 
weevil and/or root development problems on growth, growth rate, stability and mortality of 
a^ected trees. Chapter 4 assesses the effects of manipulated root development (simulated 
planting faults) on the above-ground characteristics of lodgepole pine seedlings. The final 
chapter. Chapter 5, synthesizes the important concepts and conclusions presented in the 
thesis, discusses the some broad implications arising from the research, and suggests 
possibilities for future research.
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2: RELATIONSHIPS BETWEEN ROOT FORM AND GROWTH, 
STABILITY, AND MORTALITY IN PLANTED VERSUS 
NATURAL LODGEPOLE PINE, P/AT/S COATORT4 DOUGL. 
VAR. LAnPOLM ENGEL., IN THE PRINCE GEORGE AREA OF
BRITISH COLUMBIA
2.1 Abstract
The principal objectives of this study were to determine the extent, severity, and 
impact on growth of root deformation in young planted and naturally regenerated lodgepole 
pine in the Prince George area. Twelve root characteristics were used to identify the effect of 
root deformity on growth, stability and mortality of pine. Sixteen stands were surveyed to 
collect growth and stability measurements and to excavate root samples for detailed 
assessment of root morphology. The results showed that root deformity is widespread in 
planted lodgepole pine when compared to naturally regenerated pine; 95.0% of planted trees, 
but only 50.9% of naturally regenerated trees had either moderate or severe root deformities. 
Root characteristics strongly distinguished between planted and naturally regenerated trees 
and affected above-ground growth. Planted trees had a lower height to diameter ratio than 
naturally regenerated trees, but planted trees had a higher growth rate for both height and 
diameter when compared to natural trees. However, these differences were not significant 
after age 7. Any advantage of increased growth rate in planted trees was lost when roots 
were severely deformed, which was the case in 65.0% of the planted trees surveyed. This 
suggests that limited water and nutrient uptake in severely deformed root systems reduces 
growth. In low and moderately deformed root systems, growth differences between planted 
versus natural trees were attributed to either a difference in above-ground versus below- 
ground allocation of resources in trees resulting from translocation inhibition caused by root
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deformation, or to the effect of fertilization of planted trees in the greenhouse before 
planting. In spite of highly di^erent root systems, there was no diO'erence in the horizontal 
stability of planted versus naturally regenerated trees. When comparing dead versus live 
trees (both planted and naturally regenerated), dead trees had a significantly lower root 
surface area than live trees. Because planted trees also have a significantly lower root 
surface area, they may be at a higher risk of mortality.
2 2  Introduction
Lodgepole pine, Pinus contorta Dougl. var. latifolia Engelm., is an important, widely 
planted commercial species in the central interior of British Columbia. This species has 
dramatically increased in importance since the mid-80's in this area (Figure 2.1).
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Figure 2.1. Number of hectares with pine-leading stands (black) and the actual number of 
trees (light gray) in the 2001 Prince George forest region (unpublished data from Anna 
Monetta, Northern Interior Forest Region, Prince George, with permission).
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The predominant method for regeneration of lodgepole pine after harvesting in the 
Prince George area is planting. For the areas surveyed in this study, the planted seedlings 
were grown in polystyroblock (PSB) or copper treated (PCT) containers. The seedling plugs 
are planted in holes made using a long, narrow planting shovel.
Initial root form, in planted or naturally regenerated trees, can result from several 
factors. In naturally regenerated trees, soil structure, obstacles, slash, vegetation, competition 
and the presence of old roots in the soil can alter initial root form (Preston, 1942; Tinus,
1978; Eis, 1970; Shantz-Hanzen, 1945). Natural lodgepole pine root systems do not 
normally have a uniform distribution of vertical and horizontal roots; some parts of the root 
system are crowded with lateral roots whereas other areas have virtually no roots. Although 
naturally regenerated lodgepole pine typically shows taproot development with laterals and 
the main lateral roots occur near the surface of the soil proAle, Preston (1942) indicates that 
there is no definite symmetry of development in this species.
The root form of planted lodgepole pine trees has been shown in the past to be 
different from that of natural trees (Krasowski, 2(X)3). Planted root form is a function of the 
nursery practices used to produce the seedling as well as the method used for planting.
Several studies have been done on the effects of container type on seedling development 
(Krasowski, 2003; Krasowski and Owens, 2000). It is also known that initial root habit is a 
determining factor in the survival and development of an individual tree (Toumey, 1929, 
cited in Preston, 1942). Therefore, it has long been thought that dramatic differences in 
planted tree root form must have some effect on the production of planted trees.
Because of this link between root form and planted tree growth, there have also been 
studies that link root form to survival and above-ground growth. However, the results of
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these studies appear to depend on the species studied. Rudolph (1939) reports a 30 % greater 
mortality for Jack pine, f  Lamb., with laterally compressed roots and an 18 %
increase in mortality for red pine, f .  Ait.. In addition, Rudolph (1939) reports a
decrease in growth for trees with cramped root systems. He attributes the cramped root form 
to improper planting techniques. Conversely, Hay and Woods (1974) show that trees with 
severe root deformation have larger above-ground dry weight than trees with better root 
form. A later paper by Woods (1980) shows that seven-year-old loblolly pines, R  mgda L., 
with bent, balled or slanted root forms do not have reduced above-ground growth or survival.
There have also been a number of studies linking root form with the stability of 
planted conifers. Krasowski (2(X)3) evaluated the e^ect of stock type, tree density and tree 
slope position on stability of lodgepole pine seedlings in the central interior of British 
Columbia. He suggested that horizontal tree stability is likely a function of tree density, tree 
size, and distribution of lateral and sinker roots.
Krasowski (2003) stated that container improvements and improved planting 
practices have reduced some of the early problems associated with root form in planted trees. 
However, there has been no recent, quantitative information on the prevalence of poor root 
form in the planted or naturally regenerated lodgepole pine stands in north-central British 
Columbia.
This study was designed to determine the extent and severity of root deformation in 
planted relative to naturally regenerated pine in the Prince George area of British Columbia. 
The objectives were to identify the differences in root form between planted and natural trees 
using 12 different characteristics, and to quantify the effect of individual root forms on 
growth parameters, stability, and mortahty in planted versus natural lodgepole pine.
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2 3  Materials and Methods
2.3 .i
Potentially suitable lodgepole pine stands aged 3-10 years old were identiûed from an 
inventory database. Each stand was visited to ensure that some planted trees and some 
naturally regenerated trees (hereafter referred to as 'natural' or 'naturals') were present.
A total of sixteen stands were surveyed for this study. The first set of eight stands 
was artificially regenerated (hereafter referred to as "planted") with some ingress of natural 
regeneration. Six of these planted stands were surveyed between 15 July and 31 August in 
2002. The remaining two were surveyed between 1 May and 15 May in 2003. These stands 
were located north of Prince George in the sub-boreal spruce (SBS) biogeochmatic zone in 
the mkl (moist cool) variant (Meidinger and Pojar, 1991). The stands surveyed in the 2002 
were chosen from the same biogeochmatic zone and variant in order to reduce variation in 
the data.
Because the first eight stands were predominantly planted, the natural ingress was 
often smaller and younger than the planted trees. Therefore, a second set of stands (fill- 
planted stands) was identified for study where the natural trees would be the same size or 
larger than the planted trees. Fill-planted stands are predominantly naturally regenerated, but 
were supplemented with planted trees to meet stocking requirements. The fill-planted stands 
were located southwest of Prince George in the SBS biogeochmatic zone in the dw2/3 (dry 
warm) variant (Meidinger and Pqjar 1991). All eight fiU-planted stands were surveyed 
between 1 June and 31 August in 2003. In 2003, the fill-planted stands could not be chosen 
from the same variant as the planted stands because rill-planting is rarely conducted around 
Prince George and there were few sites available for study. However, the second eight
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stands were located in the same biogeochmatic zone and variant in order to minimize as 
much as possible the variation between sites.
A table for comparison of site characteristics is located in APPENDIX I.
2.3.2 Purvey Desfgn
Data were collected using an adaptation of an industrial silviculture survey method 
with a reduced number of plots and more intensive data collection. Circular 3.99 metre 
(50m^) plots were assessed every 50 metres along transects. A subsample of these plots were
systematically chosen along the transect lines for detailed data collection. Because the same 
data collection technique was used for Chapter 2 and Chapter 3, the detailed plots were 
conducted when at least one weevil-attacked tree was identified in the plot. In order to 
prevent concentration of the sample plots, detailed plots were placed at least 150 metres apart 
along the transect. A minimum of 4 and a maximum of 20 detailed plots were completed for 
each cutblock.
Because the unit of rephcation was the plot, pairs of planted and natural trees were 
randomly chosen within each plot for more intensive data collection. Trees were randomly 
excavated in each plot until a maximum of two trees (one planted and one natural) were 
found for use in this study. Each sample tree was categorized as planted or natural based on 
the presence or absence of plug material. The presence of mica, vermiculite, or perlite 
remnants attached to the root system were considered good indicators of planted tree origin 
and were independent of root morphology.
The randomly chosen sample trees were also measured for root development, above­
ground growth parameters, and tree stability. Any dead trees (those with no new growth in
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the current year) present in the plot were excavated, classiGed by cause of death (if possible), 
and analyzed for root form. The following section will discuss these methods in detail.
2.3.3 morpAwfogy o&sessmeMf
Coarse root structure and root development were assessed through excavation of the 
primary root system. The sample trees were cut just above the root collar and the age was 
determined from the number of growth rings counted on the cut surface.
Each root mass was photographed from two angles 90= apart, as well as from the top. 
The top-view pictures were divided into six radial sections (Figure 2.2) and the number of 
laterals was counted in each section (Van Eerden, 1978). If a lateral curved into more than 
one section, it was included in the section where it intersected a hypothetical 10cm sphere 
centred at the root axis just below the root collar. This count was used to determine the total 
number of laterals (variable name: total laterals) and the number of sections with at least one 
lateral (variable name: sections with laterals).
The diameter of the laterals greater than 3mm was also taken where they intersected a 
hypothetical 10cm sphere centred just below the root collar (the axis of the root system). 
These diameters were then used to calculate a cross-sectional area for each lateral root. The 
areas were summed to give a measure of root surface area that is proportional to root size 
(Lindgren and Orlander, 1978).
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Figure 2.2. Illustration of the root morphology assessment for lateral distribution. The 
number of lateral roots was counted in each of six sections. Where a root was present in 
more than one section, it was counted in the section where it crossed a hypothetical 10cm 
sphere from the axis at the root collar.
Finally, the root systems were analyzed for the presence of root deformities. Nine 
categories of deformity were assessed on a scale from 0 to 3, where 0 is no deformity and 3 is 
severe deformity. The severity scoring categories are listed in Table 2.1. Each root system 
received a rating for each root characteristic. An overall root form classification (G= good 
root form or no deformity, L=low deformity, M=moderate deformity, S=severe deformity) 
was also assigned to each root system. The overall classiHcation was determined by the 
median root characteristic (where 0 = no root deformity, l=low root deformity, 2= moderate 
deformity, 3=high deformity). Only when scores for all characteristics were zero was the 
root classified as having no deformity. Where there were two median root characteristics, the 
root was classified into one or the other overall root classification.
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2.3.^ A6ove-groffwf
Sample trees were measured for diameter at stump height (0.3m), height, and current 
and previous year's leader growth. Height to diameter ratio was calculated in order to correct 
for effects caused by the relatively large differences in tree size over the age class sampled.
2.3.5 Tree ossgMmenf
Sample trees were tested for stability using a hanging scale to measure kilograms of
force required to displace the main stem to an angle of 10 degrees from vertical (Burdett 
1978). A force up to 50kg was required for Burdett’s study on trees ranging from 1.0 to 3.5 
metres in height. For this study, the largest hanging scale available measured up to 25kg. 
The force was applied at 30 cm from the base o f the tree. The 10 degree angle of 
displacement was determined using a hinged measuring stick. The force was consistently 
applied by pulling the tree to the west which should capture the average tree stability.
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Table 2.1. Scoring categories for assessing root morphology. Information in this table is 
based, in part, on work by Chavasse (1978).
Root
characteristic
Rating Example
Taproot 0 - Taproot straight and well developed
1 - Taproot stunted or kinked but definite
2 - Visible root deformation but the
taproot can still be made out
3 - No discernable taproot
J-Root 0 - No J
1 - J less than 45 degree angle; Mild
bending of the system in one general
direction.
2 - J greater than 45 and less than 90
degree angle; Visible bend in the 
system.
3 - J 90 degrees or greater
Rating = 1
Spiral Root 0 - No spiral
1 - Mild spiral (horizontal wrapping of
one or more roots) that the tree will 
likely outgrow (spiral less than 30% 
of the circumference of the tree)
2 - Spiral is present but may or may not
strangle the tree (spiral between 30- 
60% of the circumference of the tree)
3 - Spiral will likely strangle the tree
(spiral greater than 60% of the 
circumference of the tree)
.
:  A
Rating = 2
Vertical
compression
0 - No compression
1 - Vertical compression less than 10%
of original plug
2 - Vertical compression less than 30%
of original plug
3 - Vertical compression more than 30%
of original plug
Rating = 3
Lateral spread 0 - Well-distributed laterals (all segments
contain roots)
1 - One or two radial segments contain
no laterals
2 - Two segments together or three radial
segments contain no laterals
3 - Three segments together or 4 or more
segments contain no laterals
Rating = 2
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Lateral
compression
0 - No laterals squashed down
1 - One lateral squashed down
2  -  Two to three laterals squashed down
3 - Four or more laterals squashed down
J
Rating = 3
Slit plant 
morphology
0 - Laterals show no 'slit' pattern
1 -  Laterals oriented along opposite
directions but three or more laterals 
fill in the sides
2  -  Laterals oriented along opposite
directions except for one or two 
laterals
3 -  All laterals clearly oriented along
opposite directions
Rating = 2
Braiding 0 -  No braiding
1 -  Some braiding or twisting of one to
two laterals
2  -  Three or four laterals twisted or
braided
3  -  Four or more laterals twisted or
braided
■ 4 ^  -
Rating = 3
Root pairs 0 - No cracks*
1 - One crack
2  - Two cracks
3 -  Three or more cracks
Rating = 1
*A “crack” occurs when two roots are pressed together 0 0 .  This would be one crack. If 
three roots are pressed together in a row OOO, then they form two cracks. If three roots are 
pressed together with one on top and two on the bottom (a triangle), then three cracks are 
formed (two on the sides and one on the bottom). Root pairs are di%rent from braiding in 
that the roots lie flat together and do not twist around each other. This is for roots larger than 
3mm, and the crack must be at least 1 cm long and within the 10 cm sphere used for 
measuring lateral diameters.
2.4 Data analyses
All data analyses were performed using SYSTAT 9.0 (SPSS Inc., 1999) except for 
the Spearman's rank correlations which were perfoimed using STATISTIC A 5.0 (StatSoft, 
1997).
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2.4.J frevafgMce omf roof^ro% ÆjQfergwcM tefweon pfonfoff omf noAfroZ
fodlg^gpok pw e
The percentage of trees in each root class was calculated for planted and natural trees 
as an index of the prevalence of root deformity.
Comparison of the overall root class between planted and natural trees was done 
using a Pearson's chi-squared test to determine whether the number of planted versus natural 
trees differed from the expected values at each level of overall root class.
A direct binary logistic regression was used in identifying root characteristics that 
significantly predicted differences between planted and natural root systems. The nine 
individual root characteristics listed in Table 2.1 (taproot, j-root, spiral root, vertical 
compression, lateral spread, lateral compression, slit root morphology, braided root, and root 
pairs) in combination with the number of sections with laterals, the total number of laterals, 
and the total root surface area were used to predict tree origin (natural versus planted).
Direct logistic regression (in which all parameters are entered into the equation at the same 
time) was used in order to evaluate each predictor after all of the other parameters were 
accounted for (Tabachnick and Fidell, 2001). The following points outline how the 
assumptions (Tabachnick and Fidell, 2001) for logistic regression were satisfied when these 
were violated by the data (for more detailed information on the statistical assumptions, please 
see the entire list in (APPENDIX H):
# Linearity of the Logit: the Box-Tidwell approach for testing linearity of the logit was 
performed for the continuous variables used in the regression (Tabachnick and Fidell, 
2001). Two variables violated this assumption: spiral root and braided root. Both 
variables were converted to dichotomous variables. Thus, for each variable, 
deformation levels 0 and 1 became 0, and deformation levels 2 and 3 became 1.
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# Absence of multicolinearity: All variables were entered into a Pearson correlation 
matrix. All correlations were well below 0.7 (as recommended by Tabachnick and 
Fidell, 2001) except for 'sections with laterals paired' with 'total number of laterals'. 
Because 'sections with laterals' conveys a sense of lateral distribution around the 
stem, this variable was left in the analysis and 'total number of laterals' was removed 
from the analysis.
In using direct logistic regression there is some possibility that a significant 
contribution of an independent variable may be masked by small contributions of other
independent variables (Tabachnick and Fidell, 2001). Therefore, each parameter was also 
tested individually for significance. In addition, in order to determine differences among 
overall root classes, the same logistic regression was performed for trees with low and 
moderate root classes as a group, and for trees with severe root class. The ouput of these 
analyses served to compare the root forms that distinguish between planted and natural trees 
in low and moderate root deformation in the absence of severe deformities, and to compare 
the root forms that distinguish between planted and natural trees with severe root 
deformation.
Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were used to 
test the difference in above-ground growth and growth rate for planted versus natural trees.
Height to diameter ratio (height in centimeters divided by diameter in centimeters) 
was used as a measure of tree growth. Height to diameter ratio was used primarily to pool all 
of the trees from age 3 to age 10 in the data set. Height to diameter ratio allows for 
comparison of tree height while essentially accounting for diameter. It also reduces the 
considerable variation that results because of the range of tree ages sampled.
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Mean annual diameter increment (diameter growth measured in millimetres divided 
by tree age) and mean annual height increment (total height growth measured in centimetres 
divided by tree age) were used as measures of tree growth rate.
The data were assessed, and where necessary, transformed in order to satisfy the 
assumptions of skewness for ANOVA (Townend, 2003).
# Four variables had skewness that required transformation. The following variables 
were transformed using a square root transformation (Tabachnick and Fidell, 2001) in 
order to reduce skewness to non-significant levels (i.e. a z-score less than two) 
(Tabachnick and Fidell, 2001): height to diameter ratio, mean annual diameter 
increment, mean annual height increment, and stability. The ANOVA’s were 
conducted using both the transformed and untransformed variables. Where the 
results were the same, i.e., where both tests were significant, the test using the 
untransformed variables was reported. This was done to increase the interpretability 
of the results and the graphs (Tabachnick and Fidell, 2001).
2.4.2 reWioRsAÿs tefwee» roofybrm omf groWA, growf/: rofe  ^omf sWiHfy m p&mfed 
omf nofurgf frees
ANOVA and ANCOVA were again used to assess height to diameter ratio (tree 
growth), the mean annual diameter increment and the mean annual height increment (growth 
rate), and stability differences among root classes. The same independence of measurements 
and the transformations from the previous section are apphcable. In order to equalize the 
variances for each of the levels of overall root class, the 'good' and 'low' levels were 
combined into one category (still called 'low').
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Spearman's rank correlation was used to identify the individual root characteristics 
associated with changes in height to diameter ratio, mean annual diameter increment and 
mean annual height increment for both planted and natural trees. Spearman's rank 
correlation was used because there are no assumptions about the shapes of distributions, and 
ordinal data are acceptable (Townend, 2003). Most of the root characteristics are ordinal 
data (taproot, J-root, spiral root, vertical compression, lateral spread, lateral compression, slit 
morphology, braided root, and root pairs), and the rest of the data are non-normal (total 
number of laterals, root surface area) except for 'sections with laterals' and age. I used a 
sequential Bonferonni adjustment of the p-values (Rice, 1989) to account for the multiple 
correlations conducted.
w  omf dead frees
Direct logistic regression was again used to determine the root characteristics that 
were important in distinguishing between live and dead trees regardless of tree origin 
(planted or natural). 'Total number of laterals' was removed from the analysis as above 
because it was moderately correlated (correlation above 0.7) with 'sections with laterals' 
(Tabachnick and Fidell, 2001)
2.5 Results
2.5.7 frgyafewce q/^roof de/brmzfy and roofybrm dijQ r^oMces Aefween pfowfed MofwroZ
fodlgepoZe pme m fAe frwcg Geo/ye Area
In the trees sampled, 94.4 percent (a = 306) of the planted trees had an overall root 
class of moderately or severely deformed and 65 percent had a root class of severe. The 
natural trees showed a much lower prevalence of root deformities as only 50.9 percent (n = 
255) of natural trees had an overall root class in moderate or severe.
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Because of the higher number of trees with severe root deformity in planted trees, the 
frequency distributions of trees in each root class (Figure 2.3) were significantly different for 
planted versus natural trees (Pearson chi-square value = 223.537, df = 3, P  < 0.001). The 
distribution of root class for planted versus natural trees remains fairly constant across all of 
the ages sampled; there are high numbers of low root deformity for all ages in natural trees, 
and there are high numbers of severe root deformity for all ages in planted trees (Figure 2.4).
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Figure 2 3 . The number of planted versus natural trees in each root class. The (+) symbols 
indicate significantly higher numbers than expected; the (-) symbols indicate signihcantly 
lower numbers than expected.
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Figure 2.4. The number of trees in each root class (low, moderate and severe) at each age 
for natural (a) and planted trees (b). Note different y-axis scales.
Individual root characteristics, as a set, allowed me to distinguish between planted 
versus natural tree origin (Chi-square value = 439.74, df = 11, P < 0.001). The output of the 
direct logistic regression using all of the individual root characteristics to predict tree origin 
(planted versus natural) reveals that the best predictors of planted trees are J-root, spiral root, 
lateral spread, lateral compression, braiding, root pairs, and the number of sections with 
laterals (Table 2.2). Not only do the variables reliably distinguish between planted and 
natural trees but they produce a high prediction accuracy with 85.4% correct classiAcation of 
planted versus natural trees in the data set. A relatively high value for McFadden's Rho- 
squared value (0.636) indicates that a significant portion of the variation between planted and 
natural trees is accounted for by the individual root characteristics. Of the significant 
variables in the direct logistic regression, spiral root, lateral compression and braided root 
had the largest effect (largest odds ratio, Tabachnick and Fidell, 2001) on the determination 
of planted versus natural tree origin.
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Table 2.2. Results from direct logistic regression using root characteristics to predict tree 
origin where planted trees are the response variable (value of 1) and natural trees are the 
reference variable (value of 0). Values in bold are significant.
Parameter Estimate S.E. t-ratio p-value Odds
ratio
Upper 
95% Cl
Lower 
95% Cl
Taproot 0.417 0.206 20.024 0.043 1.517 2.271 1.013
J-root 0.460 0.169 2.727 0.006 1.585 2.206 1.138
Spiral root 1.051 0.440 2.386 0.017 2.860 6.777 1.206
(2 categories) 
Vertical compression 0.250 0.219 1.141 0.254 1.284 1.973 0.836
Lateral spread 0.422 0.189 2.228 0.026 1.525 2.210 1.052
Lateral compression 1.294 0.249 5.196 <0.001 3.648 5.943 2.239
Slit plant morphology -0.110 0.204 -0.539 0.590 0.896 1.337 0.600
Braided roots 1.943 0.469 4.147 <0.001 6.982 17.493 2.787
(2 categories) 
Root pairs -0.602 0.224 -2.692 0.007 0.548 0.849 0.353
Sections with laterals 0.298 0.141 2.122 0.034 1.348 1.775 1.023
Total root surface area -0.000 0.000 -0.242 0.809 1.000 1.000 1.000
Table 2.3 indicates that all of the variables (with the exception of slit plant 
morphology) have overlapping variance when used to predict tree origin.
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Table 23 . The results of individual logistic regressions to test for strong individual effects 
that may be masked by the direct logistic regression. Values in bold are significant.
Parameter Estimate SÆ. t-ratio p-vahie Odds
ratio
Upper 
95% Cl
Lower 
95% Cl
Taproot 1.211 0.120 10.123 <0.001 3.357 4.244 2.655
J-root 0.514 0.091 5.643 <0.001 1.671 1.998 1.398
Spiral root 3.030 0.290 10.443 <0.001 20.692 36.538 11.718
(2 categories)
Vertical compression 0.476 0.152 3.140 0.002 1.610 2.166 1.196
Lateral spread 0.879 0.090 9.803 <0.001 2.409 2.872 2.021
Lateral compression 2.198 0.200 10.973 <0.001 9.005 13.334 6.081
Slit plant morphology 0.134 0.093 1.439 0.150 1.143 1.371 0.953
Braided roots 4.479 0.330 13.564 <0.001 88.105 168.290 46.126
(2 categories) 
Root pairs -0.362 0.108 -3.353 0.001 0.696 0.860 0.564
Sections with laterals -0.212 0.062 -3.422 0.001 0.809 0.913 0.716
Total root surface -0.000 0.000 -1.984 0.047 1.000 1.000 1.000
area
In order to determine whether the same root classes predicted the difference between 
planted and natural trees among the levels of root classes, the same logistic regression was 
run for low and moderate class trees as a group and for severe class trees. The parameters 
that significantly distinguish between planted and natural trees in the low and moderate class 
group are taproot, J-root, spiral root, lateral compression, braided roots, root pairs and 
sections with laterals. The parameters that signihcantly distinguish between planted and 
natural trees in the severe class group are lateral spread, lateral compression, and braided 
roots. Therefore, two root characteristics differentiate between planted and natural trees
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regardless of root class: lateral compression and braided roots. Where root deformation is 
less severe (low and moderate root classes), taproot, J-root, spiral root, root pairs and sections 
with laterals are worse in planted trees in addition to lateral compression and braided roots. 
Where root deformation is severe (severe root class), lateral spread is worse in planted trees 
in addition to lateral compression and braided roots.
2.5.2 GroWA omf groWA rofe omf mzAfroZ frees
Natural trees showed a higher height to diameter ratio overall (Figure 2.5a) but when
height to diameter is plotted over the ages sampled, natural trees only show a higher height to 
diameter ratio after age 4 (Figure 2.5b).
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Figure 2.5. Graph (a) shows the average height to diameter ratio (± 1 SE) for planted versus 
natural trees (N= natural, P = planted). Graph (b) shows the average height to diameter ratio 
(± 1 SE) for planted versus natural trees at each age. The triangles next to the Y-axis 
illustrate how tree shape at a given height would change with height to diameter ratio.
Planted trees also showed increased growth rate (mean annual diameter increment 
and mean annual height increment) from age 4 to 6 (Figure 2.6). Because of this increase in
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growth rate in planted trees over only 2-3 years, the interaction term (i.e. the pattern of 
growth rate is different for natural versus planted trees) is significant in the ANOVA results 
for di^erences among mean annual diameter increment (F319J12 = 7.315, F  < 0.001) and 
among mean annual height increment (F3i9.3i2= 5.101, F  < 0.001) over the ages sampled 
when tree origin (planted versus natural) is a factor. As well, change in growth rate is 
associated with root form only in planted trees, where low root deformities have the highest 
growth rate and severe root deformities have the lowest growth rate (Figure 2.7).
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Figure 2.6. Graph (a) shows the mean annual diameter increment (± 1 SE) for planted 
versus natural trees at each age. Note the Y-axis scale does not begin at 0. Graph (b) shows 
the mean annual height increment (± 1 SE) for planted versus natural trees at each age.
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Figure 2.7. Graph (a) shows the mean annual diameter increment (± 1 SE) for each level of 
root class in natural trees. Note the Y-axis does not begin at 0. Graph (b) shows the mean 
annual diameter increment for each level of root class in planted trees. Similar graphs result 
for planted and natural trees when mean annual height increment is plotted over age.
2.5.3 The wnpocf yùnn on groWA, growfA rofe, and gfoAiZdy dfgferencM Aefween 
pfdnfed and nafaroZ (roM
Height to diameter ratio (above-ground tree growth) is also associated with changes 
in overall root class, as natural trees only have a higher height to diameter ratio in low and 
moderately deformed root systems (Figure 2.8). Neither natural nor planted trees showed 
any significant difference in height to diameter ratio across root class (F155,153 = 2.038, f  = 
0.134, and F 174,172 = 2.247, f  = 0.109, respectively).
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Figure 2.8. The mean height to diameter ratio for each root class. An asterix designates a
significant difference in height to diameter ratio for planted versus natural trees in a given 
root class (a = 0.05). The triangles next to the y-axis illustrate how tree shape changes with
changing height to diameter ratio.
Growth rate (mean annual diameter increment and mean annual height increment) is 
significantly higher in planted versus natural trees in the low and moderate root classes 
(Figure 2.9). Planted trees show a significant reduction in mean annual diameter growth rate 
(Fni, 169 = 4.639, P  = 0.011) between moderate and severe root classes. Mean annual height 
increment (F 1 7 1 ,159 = 4.235, P  = 0.016) is significantly lower in the severe root class than in 
the low root class. Natural trees, however, did not show any significant difference in mean 
annual diameter increment across root classes (P 147 .145 = 1.266, P  = 0.285), nor was there any 
significant difference in mean annual height increment across root classes (P 147 .145 = 0.302, P  
= 0.740).
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Figure 2.9. Graph (a) shows the mean annual diameter increment associated with root class 
in natural and planted trees. Graph (b) shows the mean annual height increment associated 
with root class for natural versus planted trees. Where analysis of variance is significant 
between root classes (a = 0.05) within tree origin, means denoted with the same letter (a or 6) 
are not significantly different as identified by Bonferroni post-hoc test for mean separation. 
An asterix designates a significant difference in growth increment for planted versus natural 
trees within a given root class (a = 0.05).
Finally, horizontal stability is not associated with overall root class when diameter is 
accounted for (Table 2.4).
Table 2.4. ANCOVA table for differences between stability and root form when tree origin 
(planted versus natural) is a factor and diameter is used as a covaiiate.
Parameter df F-ratlo p-value
Root class 2 0.240 0.787
Tree origin 1 1.148 0.285
Root class*Tree origin 2 0.916 0.401
Diameter 1 451.950 0.000
Even though horizontal stability does not change when diameter is accounted for, the 
lateral root measurements (the number of sections with laterals, total number of laterals and
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root surface area) do change significantly with increasingly deformed root systems but only 
in planted trees (Figure 2.10).
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Figure 2.10. Mean lateral measurements (± 1 SE) using diameter as a covariate with 
increasing severity of root deformation for planted versus natural trees. Graph (a) illustrates
the mean number of sections with laterals. Graph (b) illustrates the mean total number of 
laterals and graph (c) shows the mean root surface area. Where analysis of variance is 
significant between root classes (a = 0.05) within tree origin, means denoted with the same 
letter (a or b) are not significantly different as identified by Bonferroni post-hoc test for mean 
separation. An asterix designates a significant difference in growth increment for planted 
versus natural trees within a given root class (a = 0.05).
Spearman’s rank correlation showed several root forms that were associated with 
height to diameter ratio, the mean annual diameter increment and the mean annual height 
increment in planted trees (Table 2.5) and natural trees (Table 2.6). Sections with laterals, 
total number of laterals, root surface area, and root pairs were significantly correlated with 
the tree growth measures in both planted and natural trees. The lateral measurements (total 
number of laterals, sections with laterals, and root surface area) were negatively correlated 
with height to diameter ratio and positively correlated with both annual increment measures.
Taproot and spiral root were also significantly correlated with growth rate in both 
planted and natural trees. The correlations differed between planted and natural trees, 
however, by the sign of the coefficient. In planted trees, an increase in the severity of taproot
50
deformation or spiral root is associated with a decrease in growth rate. Conversely, in natural 
trees, an increase in the severity of taproot deformation, spiral root or braiding is associated 
with an increase in growth rate.
ifoof ybrm w versMs dead frees
Planted and natural tree data were pooled to produce the output of a logistic 
regression using all of the individual root characteristics to predict dead versus live trees.
Individual root characteristics, as a set, distinguish between live and dead trees (Chi-square 
value = 75.340, df = 12, F < 0.001). The analysis revealed that the best predictors of dead 
trees are j-root, spiral root, and total root surface area (Table 2.7). Although the analysis 
produced a high overall prediction accuracy (79.4%), only 25.6 % of the dead trees were 
identified correctly. The overall prediction accuracy was brought up significantly by a much 
higher number of live trees in the analysis. Of the live trees, 88.1 % were accurately 
classified. This poor classification of the dead trees is reflected in a relatively low value for 
McFadden's Rho-squared value (0.164). McFadden's Rho-squared value is considered 
"good" for values as low as 0.2 to 0.4 (Tabachnick and Fidell, 2001). This indicates that a 
significant proportion of the variation between live and dead trees remains unexplained when 
using this model.
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Table 2.5. Spearman’s rank correlation coefficients and p-values for the association of each root form with the growth (height to 
diameter ratio) and the growth rate (mean annual increments) measures in planted trees. Bonferroni p-value is the adjusted p-value 
using sequential Bonferonni method. Bold values are significant.
Parameter
Height to Diameter ratio Mean annual diameter 
increment
Mean annual h e i^ t  
increment
n R p-value Bon.
p - v a l u e
n R p-value B o n .
p - v a l u e
n R p-value Bon.
p-value
Taproot 1 6 9 - 0 .0 5 5 0 .4 7 7 2 .3 8 5 1 6 8 - 0 .1 1 5 0 .1 3 8 0 .8 2 8 1 6 8 - 0 .1 5 7 0.042 0 .3 3 6
J-root 1 6 9 0 .0 5 9 0 .4 4 9 3 .5 9 2 1 6 8 0 .0 3 8 0 .6 2 2 1 .2 4 4 1 6 8 0 .0 5 0 0 .5 1 7 1 .0 3 4
Spiral root 1 6 9 0 .0 2 3 0 .7 6 6 1 .5 3 2 1 6 8 - 0 .2 4 1 0.002 0.018 1 6 8 - 0 .2 5 9 0.001 0.009
Vertical compression 1 6 9 0 .0 0 0 0 .9 9 7 0 .9 9 7 1 6 8 - 0 .0 7 1 0 .3 5 9 1 .4 3 6 1 6 8 -0.104 0 .1 7 8 0 .8 9 0
Lateral spread 1 6 9 0 .0 6 2 0 .4 2 1 3 .3 6 8 1 6 8 - 0 .0 2 5 0.744 0.744 1 6 8 0 .0 0 4 0 .9 6 1 0 .9 6 1
Lateral compression 1 6 9 0 .0 5 2 0 .5 0 4 1 .5 1 2 1 6 8 -0.117 0 .1 3 2 0 .9 2 4 1 6 8 -0.117 0 .1 3 2 0 .7 9 2
Slit morphology 1 6 9 0 .1 2 2 0 .1 1 3 1 8 .9 8 4 1 6 8 -0.171 0.026 0 .2 0 8 1 6 8 - 0 .1 3 6 0 .0 7 8 0 .5 4 6
Braided root 1 6 9 - 0 .0 8 1 0 .2 9 8 2 .6 8 2 1 6 8 -0.056 0 .4 7 3 1.419 1 6 8 - 0 .0 7 3 0 .3 4 8 1 .0 4 4
Root pairs 1 6 9 - 0 .0 5 3 0 .4 8 9 1 .9 5 6 1 6 8 0 .3 2 1 <0.001 <0.001 1 6 8 0 .3 4 0 <0.001 <0.001
Sections with laterals 1 5 5 - 0 .2 5 6 0.001 0.011 155 0 .6 1 3 <0.001 <0.001 1 5 5 0 .5 5 8 <0.001 <0.001
Total laterals 15
5
- 0 .4 3 6 <0.001 <0.001 1 5 5 0 .7 6 0 <0.001 <0.001 1 5 5 0 .6 5 3 <0.001 <0.001
Root surface area 1 5 5 - 0 .4 1 4 <0.001 <0.001 1 5 5 0 .8 2 8 <0.001 <0.001 1 5 5 0 .7 4 5 <0.001 <0.001
Age 1 6 9 - 0 . 0 6 0 0 .4 3 4 3 .0 3 8 1 6 9 -0.077 0 .3 1 8 1.590 1 6 9 - 0 .0 9 9 0 .1 9 9 0 .7 9 6
Table 2.6. Spearman’s rank correlation coefficients and p-values for the association of each root form with the growth (height to 
diameter ratio) and the growth rate (mean annual increments) measures in natural trees. Bonferroni p-value is the adjusted p-value
using sequential Bonferonni method. Bold values are significant.
Height to Diameter ratio Mean annual diameter 
increment
Mean annual height 
increment
Parameter n R p-value Bon.
p - v a l u e
n R p-value B o n .
p - v a l u e
n R p-value Bon.
p-value
Taproot 1 5 6 - 0 .1 0 4 0 .1 9 6 0 .7 8 4 1 4 8 0 .2 1 3 0.009 0.063 1 4 8 0 .2 1 5 0.009 0 .0 6 3
J-root 1 5 6 0 .1 0 5 0 .1 9 2 0.960 1 4 8 - 0 .0 7 2 0 .3 8 2 0 .7 6 4 1 4 8 - 0 .0 2 3 0 .7 7 9 1 .5 5 8
Spiral root 1 5 6 -0.141 0 .0 7 8 0 .5 4 6 1 4 8 0.206 0.012 0.072 148 0 .1 9 9 0.015 0.090
Vertical compression 1 5 6 - 0 .1 2 7 0 .1 1 4 0 .6 8 4 1 4 8 0.101 0 .2 2 3 0 .8 9 2 1 4 8 0 .0 1 7 0 .8 3 4 0 .8 3 4
Lateral spread 1 5 6 0 .0 7 2 0 .3 7 0 1.110 148 -0.144 0.080 0.400 1 4 8 - 0 . 1 3 6 0 .0 9 8 0 . 4 9 0
Lateral compression 1 5 6 - 0 .0 5 9 0 .4 6 7 0 .4 6 7 1 4 8 0 .0 9 9 0 .2 3 3 0 .6 9 9 1 4 8 0.117 0 .1 5 8 0 .6 3 2
Slit morphology 1 5 6 - 0 .0 6 3 0 .4 3 2 0 .8 6 4 1 4 8 -0.063 0.447 0 .4 4 7 1 4 8 - 0 . 0 7 2 0 .3 8 2 1 .1 4 6
Braided root 1 5 6 - 0 .1 7 4 0.030 0 .2 7 0 1 4 8 0 .2 6 2 0 .0 0 1 0.080 1 4 8 0 .2 1 8 0.008 0 .0 6 4
Root pairs 1 5 6 : 0 .1 7 3 0.031 0 .2 4 8 1 4 8 0 .3 5 0 <0.001 <0.001 1 4 8 0 .3 2 9 <0.000 <0.000
Sections with laterals 1 2 1 - 0 .3 0 8 0.001 0.011 1 1 8 0 .6 4 5 <0.001 <0.001 118 0 .5 3 1 <0.000 <0.000
Total laterals 1 2 1 - 0 .3 0 9 0.001 0.012 1 1 8 0 .6 9 5 <0.001 <0.001 118 0 .5 8 1 <0.000 <0.000
Root surface area 1 2 1 - 0 .3 0 9 0.001 0.013 1 1 8 0 .7 8 3 <0.001 <0.001 1 1 8 0 .6 5 7 <0.000 <0.000
Age 1 4 8 - 0 .1 8 3 0.025 0 .2 5 0 1 4 8 0 .3 4 1 <0.001 <0.001 1 4 8 0 .2 7 9 0.001 0.009
Table 2.7. Direct logistic regression output (n = 571) using root characteristics to predict live 
versus dead trees. Significant parameters are highlighted in bold.
Parameter Estimate S.E. t-ratio P-
value
Odds
ratio
Upper 
95% Cl
Lower 
95% Cl
Taproot 0.145 0.165 0.877 0.380 1.156 1.599 0.836
J-root -0.351 0.157 -2.237 0.025 0.704 0.957 0.518
Spiral root -1.018 0.246 -4.137 <0.001 0.361 0.585 0.223
Vertical compression -0.405 0.272 -1.493 0.136 0.667 1.135 0.392
Lateral spread 0.233 0.158 1.475 0.140 1.262 1.719 0.926
Lateral compression 0.003 0.247 0.012 0.991 1.003 1.629 0.618
Slit plant m orphology -0.068 0.154 -0.442 0.658 0.934 1.263 0.691
Braided root 0.073 0.248 0.293 0.769 1.076 1.750 0.661
Root pairs 0.223 0.197 1.133 0.257 1.250 1.838 0.850
Sections with laterals 0.023 0.116 0.201 0.840 1.024 1.284 0.816
Root surface area -0.001 0.000 -2.820 0.005 0.999 1.000 0.998
Age -0.197 0.124 -1.597 0.110 0.821 1.046 0.664
Root surface area is a significant predictor of live versus dead trees; live natural trees 
had a significantly larger root surface (^506.504= 8.545, f  =0.004) area than live planted trees 
when diameter is controlled for, which may impact planted tree susceptibility to mortality.
Thus, there are four major results from this study. First, most planted trees have 
moderate or severe root deformities and there are characteristic root forms that distinguish 
between planted and natural trees. Second, these root forms affect the growth and growth 
rate (mean annual diameter increment and mean annual height increment) of planted trees, in 
particular, as growth rates decrease with increasingly severe root deformation. Third, there is
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no association with planted or natural root form and stability in this study when diameter is 
taken into account. Fourth, dead trees have different root forms than live trees and the root 
forms that distinguish dead trees are also often found in planted trees.
2.6 Discussion
The percentage of planted trees with moderate and severe root class shows a high 
prevalence of root deformation in planted lodgepole pine around Prince George. Poor root 
form is widespread in planted trees, even those planted within the last 3 to 10 years, in spite 
of efforts by licensees to improve planting techniques. Canadian Forest Products (Canfor), 
the company responsible for the reforestation of the sites in this study, used contractors to 
reforest stands post-harvest but conducted thorough planting checks to identify 
characteristics such as J-roots (V. Day, personal communication ^ ). Improved planting 
techniques are evident in the nonsignificant amount of slit plant morphology (Table 2.2) 
indicating that the lateral compression reported by Rudolph (1939) is no longer 
distinguishable in planted trees. The fact that J-root is still a signiAcant predictor of planted 
versus natural trees, however, suggests that further improvements in planting technique are 
still possible. The other root characteristics that distinguish planted trees from natural trees 
can not be absolutely attributed to poor planting and may be the result of container 
constraints. These characteristics represent the bulk of the root deformities and this is 
consistent with other studies of the effect of container on root form (McMinn, 1978).
Studies of the effects of root form on growth and development of trees often focus on 
one particular aspect of root form, e.g., J-root (Seiler et al., 1990), or treat different root
' Vincent Day R.P.F., Silviculture Coordinator, Prince George Operations, Canadian Forest Products Ltd.
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characteristics as diObrent treatments (Woods. 1980). My study shows that a suite of root 
deformities distinguish planted trees and natural trees and that they can act singly or in 
combination to affect above-ground characteristics (Table 2.3). This can make the effects of 
root morphology on above-ground features difficult to interpret, which may explain why 
many studies show little effect by planting fault on tree growth or survival (Owston and 
Seidel, 1978; Woods, 1980; Schantz-Hanzen, 1945; Hay and Woods, 1974).
The observed differences in root form appear to affect plant processes in lodgepole 
pine. Spiral roots and roots pressed together often graft and establish vascular continuity 
(Graham and Bormann, 1966, cited in Van Eerden, 1978). This may form convoluted root 
masses that can inhibit transport to such an extent that strangulation of the tree occurs 
(Grene, 1978). In addition, bends in major roots can cause translocation blockage. Hay and 
Woods (1968) show that the bottom of the 'T on induced J-roots of loblolly pine e^ectively 
serves as an impediment to carbohydrate transport towards the tip of the taproot. Cw labeled 
carbohydrates were significantly more abundant between the root collar and the principal 
curvature than below the curve (Hay and Woods, 1978).
Such inhibition of transport may cause changes in above-ground resource allocation 
in planted trees that result in a larger diameter but not in a corresponding increase of height 
growth. Resources allocated for growth in planted versus natural trees may differ, since 
planted trees showed significantly lower height to diameter ratio when compared to natural 
trees (Figure 2.5a). This suggests that poor root form in planted trees may affect height to 
diameter ratio over the longer term. Although the data become more variable for the higher 
age classes (due to fewer trees sampled at the upper age hmit) (Figure 2.5b), the trend for 
planted and natural trees remains the same (natural trees have a consistently lower height to
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diameter ratio than planted trees). Therefore, relatively shorter trees for any given diameter 
may be a result of poor root form. Dean (2001) shows a strong inverse relationship between 
fine root allocation and stem allocation. If translocation into the root is inhibited by root 
deformities, the excess carbon may be used to increase diameter growth. Kozlowski (1992), 
however, states that the mere presence of carbon is not sufficient for cambial growth. Water 
availability and hormones regulate the conversion of carbon into stem material. Hay and 
Woods (1974) suggest that carbohydrates and geotrophic auxin are inhibited by root 
deformities. Thus, lower height to diameter ratios associated with moderate and severely 
deformed root systems could be due to increased diameter growth in a region of both excess 
carbon and plant growth hormones accumulating above the root collar. If this is true, then 
lower height to diameter ratio may be negative as excessive above-ground allocation occurs 
without a corresponding increase in root mass.
The higher diameter and height growth rates (Figure 2.6) may be influenced largely 
as a result of greenhouse conditions, genetic selection or as a result of root form. Planted 
trees are provided with a considerable "greenhouse advantage." Planted seedlings are often 
grown using a combination of soluble nutrients and slow release fertilizer (Van Eerden and 
Gates, 1990), and may therefore have increased growth rates early in their development. 
Canfor does not use slow release fertilizer in planted seedlings and only applies soluble 
fertilizer in the greenhouse (V. Day, pers. comm.^). Regardless, the greenhouse growing 
environment likely provides a substantial advantage (e.g. the trees are better able to compete 
with vegetation or adverse environmental conditions) that causes high initial growth rates. 
This is consistent with other studies as well; Helium (1978) found that planted spruce in 
Alberta had higher initial growth rates and much larger shoot: root ratios than natural trees
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and Barnett (1984) found that greenhouse treatments beneficially affected seedling 
performance in the field in three species of pine.
There is also a possibility that genetic differences between planted and natural trees 
would result in a higher initial growth rate in planted trees since seed for planted seedlings 
(whether the seed is obtained from a tree improvement program or from wild stock) is 
selected for commercially desirable properties. While this possibility is not ruled out 
completely, there are several reasons to suggest that genetics may not be an overriding factor 
in explaining the difference in growth rates. Parent trees selected from wild stock are chosen 
for volume, health, quality and representation in an area (Lester et al., 1990). Choosing trees 
based on adult characteristics does not necessarily lead to increased growth rates early in tree 
development. Trees grown in seed orchards (in the tree improvement program) are targeted 
more for the establishment of improved seedlings (Lester et al., 1990) and may therefore 
have been selected for high initial growth rates. Improved stock for pine, however, is still 
not widespread. As of 2002, only 18 % of lodgepole pine planted in British Columbia is 
from improved seed (MOF, 2003). Almost none of the seedlings surveyed in this study were 
from improved (A-class) stock. Of the area surveyed, only one of the seedlots was A-class 
seed (V. Day, pers. comm.^). This seedlot comprised only 0.33 % of the total area possible 
for sampling. Therefore, the planted lodgepole pine in this study did not have the advantage 
of tree improvement program selection.
In spite of the greenhouse advantage or even some influence of genetic selection, 
differences in growth rate are associated with root form, and effects of root deformation 
differ between planted and natural trees. Planted trees show changes in growth rate 
associated with root class whereas natural trees do not (Figure 2.7 and Figure 2.8). Endean
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and Carlson (1974) show that a threshold rooting intensity (dry weight of roots / unit soil 
volume) may exist beyond which seedling growth is significantly reduced. Stevenson (1970) 
suggested that dense roots (those with high rooting intensity) must compete for moisture and 
result in reduced above-ground growth of planted seedlings. My results show that severely 
deformed roots in planted trees (distinguished by severe lateral compression, poor lateral 
spread and braided root forms, section 2.5.1) remove any advantage of initial increased 
growth rate. This may be due to a rooting intensity in trees with severely deformed roots that 
is above the threshold for growth rates comparable to those that occur in trees with low and 
moderate root classes. Since 65 % of the planted trees had severe root form, it is not 
surprising that the majority of planted trees do not have above-ground growth rates that differ 
significantly from natural trees.
Site conditions or productivity in the different cutblocks samples may have 
contributed to higher growth rates for low root deformation and decreasing growth rate for 
moderate and severely deformed root systems (Figure 2.7b). In order to identify any effect 
of site productivity on the growth rates, additional graphs of growth rates over age (grouped 
by root class) were created for each individual cutblock. Because the sample sizes for each 
root class was relatively small for each individual cutblock, the relationships were 
intermittent, but the pattern of decreasing growth rate with increasingly severe root 
deformation was the same for most of the cutblocks sampled. In two cutblocks, the low root 
class trees had much larger growth rates suggesting that when low root form is combined 
with a highly productive site, growth rates are markedly increased. The high growth rates in 
the low root class on these cutblocks were reduced to approximately the level of growth rate 
present in the other cutblocks in the moderate or severe root class categories. The effect of
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root form, therefore, may be particularly important in highly productive sites. Since the 
apparent effect is restricted to only two age classes, a possibility remains that the separation 
of planted tree growth rates associated with root form is merely an artifact of sampling.
Because of the disruption in translocation due to J-rooting documented by Hay and 
Woods (1968) or by spiral (Grene,1978), another explanation for the higher growth rates in 
planted trees with moderate and low root deformation could be a preferential allocation of 
growth above ground. In other words, changes in above-ground allocation could occur due 
to the nature of the individual root characteristics that combine to create a low or moderate 
rating in planted or natural trees. The root characteristics that distinguish between planted 
and natural trees for low and moderate root class reveals that the best predictors of planted 
trees are J-root, spiral root, lateral compression, braiding, and root pairs (see section 2.5.1). 
These are all characteristics where root twisting and overlap leads to root grafting and 
possible inhibition of translocation. However, if the deformation is severe, the plant may be 
unable to store resources below-ground (due to blocked translocation) or harness resources 
(due to high rooting intensity) to allocate above-ground. In moderately deformed roots, there 
may be increased above ground allocation due to carbohydrate blockage (into the taproot or 
by a partial spiral) (Hay and Woods 1978), but there may still be enough lateral spread and 
surface area for the tree to allocate significant resources to above-ground growth.
Natural trees, on the other hand, show an increase in growth rate with an increase in 
the severity of taproot deformation, spiral root or braiding (Table 2.6). Although these 
results appear contradictory, this may be because the root forms that characterize natural 
trees are different than those that characterize planted trees in each root class. Even in the 
severe root class, planted and natural trees can be distinguished by lateral spread, lateral
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compression and braiding (2.5.1). Thus, natural trees in the severe root class may have poor 
taproots but they are not characterized by a highly interwoven or balled up root system 
(lateral spread, lateral compression and braiding). Therefore, allocation may be blocked only 
to the taproot or to the lower roots in natural trees whereas it is blocked by a suite of 
deformities that create an interwoven, compressed root system at the root collar and below in 
planted trees. Natural trees may therefore be able to allocate some carbon into the remaining 
laterals; naturals do not show a significant change in lateral spread, total number of laterals, 
or total root surface area with increasingly severe root class (Figure 2.10). Lateral 
development in the upper portion of the soil may allow for increased nutrient uptake (Hays 
and Woods, 1978) that would explain the positive relationship between growth rate and root 
deformation in Table 2.6.
This idea of re-allocation of resources due to root form can also be applied to 
previous studies. In a study on loblolly pine. Hay and Woods (1974) report that tree size, 
measured in dry weight, increases with increasingly severe root deformation. They suggest 
that root deformation inhibits carbohydrate and geotrophic auxin translocation, which causes 
a proliferation of lateral root development in the upper part of the root system. The resulting 
increase in water and nutrient uptake by these roots is responsible for the observed increase 
in growth. However, Hay and Woods (1974) did not control for diameter of trees so their 
results may not have been sensitive to the effect of severe root deformation on growth. Re­
allocation of resources into above-ground growth is a possible explanation for their results as 
well. The data from my study showed that all three lateral root measurements decrease with 
increasing root deformation. Therefore, root deformation in lodgepole pine is not associated 
with a proliferation of laterals, but a decrease in the total number of laterals, the number of
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sections with laterals and the root surface area. My data suggest that trees with better root 
systems are able to allocate growth more evenly above and below ground and therefore 
appear to grow more slowly (or to be smaller for a given age) above-ground.
A decrease in below-ground allocation for trees with severely deformed roots could 
have implications in the future growth and/or health of the tree. Limited storage capacity can 
affect the ability of a plant to recover and replace tissues after damage or insect attack 
(Schowalter, 2000). Stored carbohydrates affect a number of plant processes including 
metabolism, growth, cold hardiness, defense, and mortality in woody plants (Kozlowski, 
1992). Trees with low carbohydrate reserves in competition with other trees are at a higher 
risk for mortality, especially during exposure to any kind of environmental stress or insect 
attack (Kozlowski, 1992). Although much of the carbohydrate pool is located in above- 
ground biomass in mature coniferous trees, below-ground carbon pools are very important in 
the seedling stage and do remain an important storage site throughout the life of the tree 
(Kozlowski, 1992).
Poor root form may also affect the long-term quality of the tree. Harrington and 
Gatch (1999) link bent taproot formation with stem sinuosity in loblolly pine. They found 
that over 70% of the trees with bent taproots show moderate to high levels of stem sinuosity. 
Given that 65% of the planted trees excavated for this study were in the severely deformed 
root class, lowered wood quality due to poor root form could be a possibility.
In addition to possible effects of root form on the long-term health and quality of 
pine, the increased growth rate in planted trees may not last beyond age 7 (Figure 2.6) as a 
result of root form. This may occur for several reasons. Trees with poor root form and 
apparent high growth rate may die off as they age. There is some evidence that high initial
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above-ground growth rates in seedlings may cause the plant to transpire more water than the 
root system can provide (Smith et al., 1997). Such transpiration stress may be exacerbated 
when water uptake is hampered by severe root deformation. The fact that root surface area is 
a highly significant predictor of dead trees (Table 2.7) supports this as those roots with a low 
surface area would have difficulty supplying a large above-ground plant with sufficient 
water. Alternatively, trees could simply outgrow the deformed root systems that are so 
prevalent in the younger age classes. The prevalence of planted trees at age 7 and 8 with 
severe root form, however, remains high (Figure 2.4). The actual explanation is probably a 
combination of the two possibilities. Therefore, if a tree is able to produce enough lateral 
root growth to supply the crown with sufficient water, and its growth rate declines, it may 
survive even if the root deformation is severe. Preston (1942) proposes a dynamic root 
system morphology that changes continuously over the lifetime of the tree. My study shows 
that root deformations persist at least to age 8 and 9. Because of the logistic difficulty of 
sampling large trees, few trees were collected beyond age 7, and therefore further study is 
required to determine the extent and severity of root deformation in planted trees older than 
age 10. Whether or not trees with severe root deformation will continue to suffer higher rates 
of mortality than trees with good root form until rotation age also requires further 
investigation.
2.6.7 TAe gjÿêcf /brm ow
Krasowski (2003) suggests that horizontal stability is a function of the number, size, 
and distribution of the lateral and sinker roots. I did not measure the number of sinker roots 
and this may account for the lack of change in stability even though the number, distribution 
and surface area of laterals decrease. Planted trees may have a higher number of sinker roots
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because taproots are often malformed. Eis (1970) found that even in the natural root systems 
of white spruce, subalpine fir and lodgepole pine, oblique penetration by laterals or sinker 
development often continued past the taproot to the depths normally achieved in an 
unrestricted soil. Thus, the fact that root deformation is not associated with stability may be 
explained, in part, by the presence of sinker roots which were not measured.
If poor root form, especially poor lateral development, is retained as the tree becomes 
older then problems with stability could occur, particularly on sandy soils. Coutts (1983), in 
a discussion of root stiffness and force, suggests fewer thicker roots have more stiffness and 
therefore are better able to resist horizontal force on the stem (wind or snow press for 
example). Coutts (1983) also suggests that unequal loading of wind force on roots also 
reduces tree stability and increases the probability of windthrow. If the root deformation 
observed in this study is retained as trees grow older, planted trees will be at a higher risk for 
windthrow as they grow tall enough and have sufficient crown to become a significant barrier 
to wind. The low lateral spread observed in planted trees (Table 2.2) would not allow for an 
even distribution of wind force around the base of the stem. Root development and stability 
of older planted pines is an area that should be monitored to determine the full effect of root 
form on stability.
2.6.2 q/roofybrw on morW&y
The results of this study also suggest that only trees with poor root surface area 
appear to have increased chance of dying (Table 2.7). The negative slope on the estimate 
indicates that with increasing surface area, the probability of a dead tree decreases. This is 
consistent with the results of the eA e^cts on root form on growth and growth rate. A tree with 
good root surface area is likely to establish above and below-ground reserves that will help to
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make it more resilient under stress. Alternatively, because most of the trees were killed by 
the Warren root collar weevil, the reduced root surface area in dead trees may result from 
girdling by the insect. Cerezke (1994) showed significant reductions in root surface area 
after attack by weevil. If, however, lower root surface area does increase the probability of 
mortality then planted trees may be at increased risk of dying as they have a significantly 
lower root surface area than natural trees (see Section 2.5.4).
The finding that increasing severity of spiral root and J-root were significant negative 
predictors of the probability of a dead tree (Table 2.7) may be an artifact of sampling. Dead 
trees were often younger than the surrounding live trees and therefore may have had less time 
to develop marked spiral roots and J-roots. Age, however, was accounted for in the 
regression. Another possible explanation for these results was that some root forms may 
have been difficult to identify in dead trees. Warren root collar weevil killed the majority of 
the trees (77 %), often consuming the outer tissue around the entire root collar. Thus, it is 
possible that some of the evidence of spiral root was obliterated by the feeding. This is 
unlikely to explain the results in their entirety because spiral roots were often discernable on 
weevil-attacked trees. Many of the dead trees were also in some stage of decay, making the 
assessment of root form difficult.
2.6.3 JRoofprM/img
Many of the problems with biomass allocation, stability and root surface may be 
improved with root pruning, but the results of the few studies conducted on the benefits of 
pruning are inconclusive. Mitchell et al. (1990) suggest that a 5 cm root prune can actually 
reduce root growth potential of spruce and pine by 50%. They do not recommend any type 
of root pruning by planters. The authors do not, however, give details on the effect of
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pruning on root morphology or the effect of root pruning over time on above- or below- 
ground growth. Other studies have demonstrated more positive effects of root pruning.
Stone and Norberg (1978) tested two forms of root pruning. The first method was a cut 
through spiral roots with three vertical slices along the root plug, the second method was to 
shake the root system apart and to trim the roots to 15cm. The authors describe a resulting 
elimination of spiral root and the reduction of container influence on root form. The pictures 
presented in the report, however, show a broom-shaped root system. Horizontal lateral 
development in the upper portions of the root system is still very poor and most of the 
laterals are still compressed along the plug. On the other hand, Krasowski and Owens (2000) 
found that mechanically pruned trees grown in peat boards grew more root length, grew taller 
and wider than seedlings grown in copper-treated and untreated polystyroblock containers. 
The root forms of the mechanically pruned trees also had larger, wider and more symmetrical 
root systems. In addition, root pruning or pulling the roots apart are used to encourage root 
development in a variety of other species important in horticulture (Davis, 1985). Because of 
the promise of root alteration in other species, and because of the conflicting results of root 
pruning in forest trees, this is an ideal area for future research. If root alteration is done 
properly, it may mitigate many of the issues that arise from the results of this study.
2.7 Conclusions
In spite of improved planting techniques and container technology, root deformation 
in planted trees is widespread and the differences between planted and natural root forms are 
pronounced. These differences in root form may be altering resource allocation by planted 
trees and increasing initial tree growth rate. Any advantage in initial tree growth rates 
present in planted trees, however, is lost when the root system is severely deformed. While
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adverse effects of root deformation may not be readily visible above ground or in reduced 
tree stability in the young stands assessed in this study, planted trees may be at increased risk 
of mortality due to a much lower root surface area. Given that 65 % of planted trees 
evaluated in my study had poor root form, plantations of lodgepole pine are likely to be less 
productive and resilient than naturally regenerated trees. With the large increase in the 
number of young pine plantations in the Prince George region, the effects of poor root form 
may have widespread implications for these plantations in the years to come.
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3: THE RELATIONSHH» BETWEEN TREE ROOT DEFORMATION 
AND SUSCEPTIBILITY OF LODGEPOLE PINE, P/NUS 
CONFORTA VAR. LAFTFOLTA, TO ATTACK BY WARREN ROOT 
COLLAR WEEVIL, TTYLOBTOS WARRENT.
3.1 Abstract
Surveys were conducted on 16 regenerating stands (8 planted and 8 naturally 
regenerated, All-planted) of lodgepole pine to determine the effect of root deformation on its 
susceptibility to attack by Warren root collar weevil in the area around Prince George, British
Columbia. A matched case-control logistic regression showed that root characteristics 
explained less of the variation in weevil tree choice in planted trees than in natural trees.
Good root form was associated with a higher height to diameter ratio; this association was 
lost for weevil-attacked trees. Weevils were associated with a larger reduction in height to 
diameter ratios for trees with planted root characteristics than for trees with naturally 
regenerated root form. Tree root form may also have an impact on tree defense and thus 
severity of weevil damage. Weevil-attacked planted trees were less stable than weevil- 
attacked natural trees. In addition, weevil-killed trees versus live attacked trees had different 
root characteristics. Lateral distribution and root surface area were signiAcant predictors of 
hve attacked trees versus weevil-killed trees suggesting that trees with poor lateral spread or 
root surface area are more Akely to die from weevil attack.
3.2 Introduction
Research on the Warren root collar weevil, ff. warreni Wood, was summarized by 
Cerezke (1994). However, litde is known about this insect in the central intenor of Bn Ash
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Columbia. Observations indicate that the weevil is extremely common in this area. Its 
primary host, lodgepole pine (finuj conforta Dougl. var. Zatz^Zia Engl.), is the dominant 
conifer in interior British Columbia, and is widely planted, ff. worrenZ has the potential to 
become an important pest as lodgepole pine regeneration increases. Many plantations in the 
north are now reaching susceptible age (Figure 2.1).
Weevil attacks occur on lodgepole pine of all ages, but are most evident on 5-20 year 
old trees due to impacts on growth and mortality. Young trees severely afPected by Warren 
root collar weevil exhibit above-ground growth reduction and decreased root diameter 
growth (Cerezke, 1974). Significantly reduced height and diameter increment occurs when 
girdling by weevil exceeds 60-80% of the circumference of the stem (Cerezke, 1994). In 
spite of these growth losses, the insect is not considered a major pest in lodgepole pine 
plantations, because mortality due to weevil attack is usually limited (Cerezke, 1974).
The research for this study was conducted based on preliminary observations in 
several lodgepole pine plantations near Prince George that trees with severe spiral root 
appeared more likely to support infestations of weevil larvae (B.S. Lindgren, unpublished 
data). Weevil attack on J-rooted trees also appeared to occur more frequently, or to cause 
more severe damage than on trees with properly formed root systems. Preliminary 
observations therefore suggested that physiologically compromised trees, e.g., trees with root 
development problems, appear to have a high incidence of root collar weevil damage.
Previous research also suggests that deformed root systems may be more attractive to 
phytophagous insects. Root deformation due to planting fault can result in changes to root 
physiology. Hay and Woods (1978) and Graham and Bormann (1966, cited in VanEerden, 
1978) show root deformation, such as those present in planted trees, serves as an impediment
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to carbohydrate transport towards the tip of the taproot. Root deformation that inhibits 
translocation of water and nutrients could lead to physiological stress, which may alter the 
susceptibility of trees to attack by insects such as the Warren root collar weevil.
Plant stress can cause changes in carbon and nitrogen concentrations. For example, 
the accumulation of carbohydrates above a J-root or around a graft could have important 
implications for insect nutrition. Carbohydrates, especially sugars such as fructose and 
sucrose, are important energy sources and attractants for herbivorous insects (Bemays and 
Chapman, 1994). In addition, physical irijury, perhaps caused by twisting of roots, may lead 
to increases in total protein nitrogen as the plant repairs itself (Mattson, 1980). Proteins are 
commonly limiting nutrients for insects (Bemays and Chapman, 1994), and if they occur in 
high concentrations, insect nutrition and feeding may be affected. Thus, changes in tree root 
form that result in increased concentrations of plant nutrients, especially carbohydrates and 
nitrogen, can serve as attractants for insect herbivores.
Even though there is evidence to suggest a possible link between root development 
problems and attack by insects, there are no quantitative or qualitative data collected from 
planted trees to directly verify the effect of root development problems on the susceptibility 
of lodgepole pine to attack by the Warren root collar weevil. Thus the following objectives 
were created for this study:
1. to assess the effect of root deformation on susceptibility of lodgepole pine to attack 
by Warren root collar weevil;
2. to compare the incidence and damage of weevil on planted and naturally regenerated 
trees;
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3. to measure the impact of weevil and/or root development problems on tree growth, 
and;
4 . to measure the impact of weevil and/or root development problems on stability and 
mortality of affected trees.
3.3 Materials and Methods
Data for this study were collected simultaneously with the data for Chapter 2. 
Consequently, the same survey methods were used, except for a few differences which are 
highlighted here. Trees were randomly excavated in each plot until a maximum of the 
following were found: two trees (one planted and one natural) with current weevil attack and 
two trees (one planted and one natural) without weevil attack. Each sample tree was 
categorized as planted or natural based on the presence or absence of plug material (the 
presence of mica, vermiculite, or perlite remnants attached to the root system were 
considered good indicators of planted tree origin).
The randomly chosen sample trees were also measured for above-ground growth 
parameters, root development, and tree stability. A detailed description of each measurement 
is given in Chapter 2. Any dead trees (those with no new growth in the current year) present 
in the plot were excavated, classified by cause of death (if possible), and analyzed for root 
form.
Root collar weevil damage was assessed by clearing organic matter and soil from 
around the root collar and searching for symptoms of attack. On attacked trees, the protective 
resin-encrusted soil was removed, and damage was recorded in one of four girdling 
categories: none (i.e. the tree is not attacked by weevil), light (less than 30% of the
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circumference of the tree girdled), moderate (30% to 60% girdled), and severe (greater than 
60% girdled). The category was determined by estimating the extent of the two dimensional 
circumference of the tree removed by the larvae regardless of the height or depth of the 
galleries. Any other insects or gall rust found on the tree was also noted. The most common 
pests encountered were: western gall rust (Endocrona/TiMm (J.P. Moore)),
northern pitch twig moth ( f  gfrova ulbicapitamz (Bsk.)), and a number of aphid species 
{Cinara spp.).
3.4 Data analysis
All data analyses were performed using SYSTAT 9.0 (SPSS, Inc., 1999)
3.4.1 EjQfècf q/roof de/bnmzfion on snscepfzbiKfy fo weevif
A matched case-control (discrete choice) analysis was performed in order to identify 
the root parameters that were important in predicting weevil tree choice. This analysis used 
matched weevil-attacked and unattacked trees that where chosen randomly in the same plot. 
Two separate discrete choice logistic regression models were created for planted and natural 
trees in order to identify any differences in root parameters depending on tree origin that 
influence weevil tree choice.
In order to ensure the absence of multicohnearity, an assumption for logistic 
regression (Tabachnick and Fidell, 2001), all variables were entered into a Pearson 
correlation matrix. All correlations were well below 0.7 (as recommended by Tabachnick 
and Fidell, 2001) except for 'sections with laterals' paired with 'total number of laterals'. 
'Sections with laterals' was left in the analysis and 'total number of laterals' was removed.
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Pearson's chi-squared test was also used for determining any difference in presence 
or absence of weevil in planted versus natural trees. The entire data set was used for this 
analysis. The same test was used to uncover any significant differences between the number 
of planted versus natural trees in each level of weevil girdling damage (low, moderate, and 
severe girdling damage) and to determine any signiOcant differences between the number of 
trees with low, moderate and severe girdling in each root class for planted versus natural 
trees. Finally, a Pearson's chi-squared test was used to compare the number of trees attacked 
by other pests in each level of root class.
A direct logistic regression was also used to specifically identify the root 
characteristics that are important in distinguishing planted versus natural tree origin. ‘Total 
number of laterals’ was removed from the analysis as described above to ensure that the 
assumption of absence of collinearity was met (Tabachnick and Fidell, 2001).
3.4.3 fwyMzcZ q/ weeviZ roof deveZopmewZ on free growfA poromefers
Analysis of variance (ANOVA) was used to determine the impact of overall root 
form and each root characteristic on height to diameter ratio of trees. Analysis of covariance 
(ANCOVA) was used to evaluate any difference between continuous root variables (total 
number of laterals, number of sections containing laterals, and root surface area) for attacked 
and unattacked trees using diameter as the covariate.
Two assumptions (Townend, 2003) for ANOVA were not satisfied by the data for all 
variables and were dealt with as follows:
# Three variables were skewed and required transformation. The following variables
were transformed using a square root transformation (Tabachnick and Fidell, 2001) in
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order to reduce skewness to non-significant levels (i.e. a z-score less than two) 
(Tabachnick and Fidell, 2001): height to diameter ratio, height, and diameter. The 
ANOVA's were conducted using both the transformed and untransformed variables. 
Where the results were the same, i.e., where both tests were significant, the test using 
the untransformed variables was reported. This was done to increase the 
interpretability of the results and the graphs (Tabachnick and Fidell, 2001).
# Two of the variables violated the assumption of equal variances due to small sample 
sizes in level 3: vertical compression and root pairs. To rectify the violation, levels 2 
and 3 were combined into a single level 2 before running the analysis.
3.^.4 /brm on
Analysis of covariance (with diameter as the covariate) was then used to compare 
stability for attacked versus unattacked trees and planted versus natural tree origin. The 
stability variable was also transformed using a square root transformation (Tabachnick and 
Fidell, 2001). Again, where the results were the same (i.e. where both tests were significant), 
the test using the untransformed variables was reported.
3.4.5 q/^roof^rm on nzorfoZify fo weewf
A binary logistic regression was used in order to identify the individual root 
characteristics that significantly predict the differences between live and dead trees with 
weevil attack. The nine individual root characteristics (taproot, J-root, spiral root, vertical 
compression, lateral spread, lateral compression, slit root morphology, braided root, and root 
pairs) in combination with the number of sections with laterals, and the average root surface 
area were used to predict tree status (live or dead). Total number of laterals was not included
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in the analysis because the assumption of linearity with the logit was violated. In addition, 
'total number of laterals' was removed from the analysis to prevent multicolinearity. Age 
was included in the analysis as well in order to account for the fact that most dead trees were 
sampled at least a year after their death, so they were consistently younger than the live 
sampled trees. Direct logistic regression (where all parameters were entered into the 
equation at the same time) was used in order to evaluate each predictor after all of the other 
parameters are accounted for (Tabachnick and Fidell, 2001).
3.5 Results
3.5. i  de/b/TMOfio» o/i gM&cepfiWKfy (o weevtf
The output of the discrete choice logistic regression using all of the individual root 
characteristics to predict weevil tree choice (Table 3.1 and Table 3.2) shows that different 
models explain weevil choice in planted (Chi-square value = 46.640, df = 11, P < 0.001) 
versus natural trees (Chi-square value = 71.971, df = 11, P < 0.001). Model significance 
indicates that the root characteristics, as a set, distinguish between attacked and unattacked 
trees.
The prediction accuracy and the significant parameters differ between the planted and 
the natural models. The planted model (Table 3.1) has three significant predictors of weevil 
choice: lateral spread, the number of sections with laterals, and the total root surface area. 
This model also has several borderline significant predictors: vertical compression, lateral 
compression, and root pairs. With three signiAcant predictors and three borderline 
predictors, the variation in weevil choice explained by the root characteristics model is fairly
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good (McFadden's Rho-squared = 0.323). The prediction accuracy is less remarkable, 
however, at 68.6 % correct.
The statistically valid predictors that change the odds of the outcome are the most 
important; the farther the ratio is from one, the larger the effect of the variable (Tabachnick 
and Fidell, 2001). None of the odds ratios in the planted model are particularly high (Table 
3.3): none are over two. This indicates that a change in one unit of the predictor results in a 
very small change in the probability of the weevil choosing one tree over the other.
In contrast to the planted model, the natural model has only one signiGcant predictor 
of weevil choice: root surface area (Table 3.2). Taproot is a borderline predictor. Although 
the natural model has only two predictors at most, a much larger portion of the variation in 
weevil choice is explained in this model (McFadden's Rho-squared = 0.631). The prediction 
accuracy (84.2 % correct) is also much better than in the planted model.
Although taproot is not signiGcant at the a = 0.05 level, the odds rabo is larger than 
two and thus, if it were signiGcant, taproot would have a relabvely large effect on the 
probability of weevil choice. While the odds ratio is relatively large, in practice it is not 
remarkable as for every increase in one level of seventy, the probability of attack increases 
by just over one percent.
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Table 3.1. Discrete choice logistic regression output from SYSTAT logit using root
characteristics to predict weevil tree choice of planted trees (n = 104 pairs).
Parameter E s t i m a t e S Æ . t - r a t k ) p - v a l u e O d d s
r a t i o
U p p e r  
9 5 %  C l
L o w e r  
9 5 %  C l
Taproot 0 .0 4 2 0 .2 7 0 0 .1 5 7 0 .8 7 5 1 .0 4 3 1 .7 7 0 0 .6 1 5
J-root 0 .0 1 4 0 .1 9 3 0 .0 7 4 0 .9 4 1 1 .0 1 4 1 .4 7 9 0.696
Spiral root - 0 .3 1 9 0 .2 4 0 - 1 .3 3 2 0 .1 8 3 0 .7 2 7 1 .1 6 2 0 .4 5 4
Vertical compression 0 .5 9 1 0 .3 0 5 1 .9 3 4 0 .0 5 3 1 .8 0 5 3 .2 8 4 0 .9 9 2
Lateral spread 0 .4 9 6 0 .2 4 9 1 .9 9 2 0 .0 4 6 1 .6 4 2 2 .9 7 4 1 .0 0 8
Lateral compression - 0 .5 4 8 0 .2 8 2 - 1 . 9 4 4 0 .0 5 2 0 .5 7 8 1 .0 0 4 0 .3 3 3
Slit morphology 0 .3 9 9 0 .2 5 6 1 .5 5 7 0 .1 1 9 1.490 2 .4 6 2 0 .9 0 2
Braided roots 0 .1 4 8 0 .2 6 6 0 .5 5 7 0 .5 7 8 1 .1 6 0 1 .9 5 5 0 .6 8 8
Root pairs - 0 .5 0 5 0 .2 7 0 - 1 .8 6 7 0 .0 6 2 0 .6 0 4 1 .0 2 6 0 .3 5 5
Sections with laterals 0 .4 8 0 0 .1 7 0 2 .8 2 2 0 .0 0 5 1 .6 1 7 2 .2 5 7 1 .1 5 8
Total root surface area 0 .0 0 1 0 .0 0 0 2 .7 1 8 0 .0 0 7 1 .0 0 1 1 .0 0 1 1 .0 0 0
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Table 3.2. Discrete choice logistic regression output from SYSTAT logit using root
characteristics to predict weevil tree choice of natural trees (n = 83 pairs).
Parameter E s t i m a t e S . E . t - r a t i o P-
v a l u e
O d d s
r a t i o
U p p e r  
95% Cl
L o w e r  
95% Cl
Taproot 0.744 0.392 1.899 0.058 2.104 4.534 0.976
J-root 0.589 0.485 1.214 0.225 1.802 4.667 0.696
Spiral root 1.027 1.064 0.965 0.334 2.793 22.483 0.347
Vertical compression -0.522 0.724 -0.720 0.471 0.594 2.454 0.144
Lateral spread 0.388 0.461 0.842 0.400 1.474 3.635 0.598
Lateral compression -2.286 2.175 -1.051 0.293 0.102 7.221 0.001
Sht morphology -0.284 0.354 -0.804 0.422 0.753 1.505 0.376
Braided roots 0.803 2.024 0.397 0.692 2.232 117.904 0.042
Root pairs 0.064 0.402 0.160 0.873 1.066 2.345 0.485
Sections with laterals 0.108 0.289 0.372 0.710 1.114 1.964 0.632
Total root surface area 0.003 0.001 3.194 0.001 1.003 1.005 1.001
3.5.2 Weewf oa pfdnfed versas mzfaraZ frees
Figure 3.1 shows that weevil attack incidence did not differ between planted and 
natural trees (Pearson chi-square value = 1.399, df = 1, P = 0.237).
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Figure 3.1. The number of weevil attacked and unattacked trees for trees of planted versus
natural origin.
The severity of weevil attack also did not differ significantly between planted and 
natural trees (Figure 3.2). There is no significant difference between the number of natural 
versus planted trees in the low girdling category (Pearson chi-square value = 0.362, df = 1, P  
= 0.547). There were more planted trees in the moderate and severe girdling levels but this 
was not significant (Moderate: Pearson chi-square value = 3.261, df = 1, P  = 0.071, Severe: 
Pearson chi-square value = 2.977, df = 1, P  = 0.084). The amount of girdling did not vary 
with root class in planted or natural trees (Figure 3.3). The number of trees did not deviate 
significantly from expected values (Pearson Chi-squared P < 0.10) for any of the root classes. 
Diameter did not vary with the amount of girdling (ANOVA: P223,221 = 0.541, P = 0.583). 
Figure 3.4 shows that of the other pests noted on the intensively sampled trees, there are a 
higher number of trees in the severe root class with western gall rust and a higher number of 
trees in the moderate root class attacked by pitch nodule moth. There is no significant
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difference between the number of trees in each root class that were attacked by aphids 
(Cinara spp.) (Pearson chi-square value = 1.529, df = 12, P = 0.465). There is, however, a 
significant difference between the number of trees with western gall rust (E. Aartngjii) 
(Pearson chi-square value = 7.914, df = 2, P  = 0.019) and northern pitch twig moth (Pefrova 
sp.) (Pearson chi-square value = 6.588, df = 2, P  = 0.037) in each root class.
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Figure 3.2. The number of natural versus planted trees in each level of girdling damage.
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Figure 3.3. Graph (a) shows the number o f trees by severity o f  w eevil girdling for each root 
deformation class for natural trees. Graph (b) shows the number o f trees by severity of 
w eevil girdling for each root deformation class for planted trees.
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Figure 3.4. The number of trees in each root class for other common pests noted for during 
the detailed analysis of all trees (planted and natural) in the surveys.
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3.5.3 Zmpoef c/weewf omf roof ffevefopmewf om free growf^ poramefer;
Both weevil and root development problems impacted height to diameter ratio 
(Figure 3.5). Height to diameter ratio was significantly lower for moderate and severe root 
deformation in trees without weevil (F330,3,4 = 12.254, f  = 0.001). Attacked trees, however, 
showed no significant difference in height to diameter ratio among root classes (F226. 210 =
1.602, F  = 0.204).
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Figure 3.5. Mean height to diameter ratio (± 1 SE) for each level of root class for attacked 
and unattacked trees. A single asterix (*) indicates a significant difference (P < 0.05) for 
height to diameter ratio for that level of root class. Where analysis of variance is significant 
(a = 0.05) for weevil-attacked or unattacked trees, means denoted with the same letter (a or 
b) are not significantly different as identified by Bonferroni post-hoc test for mean 
separation. The triangles next to the Y-axis illustrate how tree shape changes with changing 
height to diameter ratio.
The trend for each individual root characteristic is similar to that of the overall root 
class (Figure 3.6). In each case, the height to diameter ratio of attacked trees is significantly 
lower than for unattacked trees. Several of the individual root characteristics are associated 
with a reduction in height to diameter ratio as well. An increase in the severity of taproot.
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spiral root, lateral compression, and braided root is associated with a reduction in height to 
diameter ratio.
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Figure 3.6. Height to diameter ratios (± 1 SE) for each of the root forms measured for trees 
attacked by weevil and unattacked trees. A single asterix (*) indicates a significant 
difference (a = 0.05) for height to diameter ratio for that level of root characteristic. Where 
analysis of variance is significant across levels of the root characteristic (a = 0.05), means 
denoted with the same letter (a or 6) are not significantly different as identified by 
Bonferroni post-hoc test for mean separation.
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Not only is weevil associated with a change in tree shape, but weevil tends to occur 
on the trees with the highest diameter and height growth rates (Figure 3.7).
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Figure 3.7. Graph (a) represents the mean annual diameter increment (± 1 SE) for trees with 
no weevil and trees with weevil. Where analysis of variance is significant (a = 0.05), means 
denoted with the same letter (a or 6) are not significantly different. Graph (b) represents the 
mean annual height increment (± 1 SB) for trees with and without weevil.
Although there is no significant difference in height (using diameter as a covaiiate) 
between planted and natural trees, there is a significant difference in height between weevil- 
attacked natural trees and weevil-attacked planted trees (Figure 3.8). When variation in 
diameter is accounted for, weevil-attacked planted trees are significantly shorter than weevil- 
attacked natural trees (fzz?. 225 = 22.600, F  < 0.001). Unattacked planted trees are 
significantly shorter than unattacked natural trees (F3 31 .329 = 8.741, F  = 0.003). The 
interaction of weevil and tree origin is signiGcant (F5 59 .555 = 8.216, F  = 0.004) as the weevil- 
attacked planted trees are shorter than weevil-attacked natural trees but the height difference 
is less for unattacked trees. There is no significant difference between the height of natural
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trees with and without weevil (F253.251 = 0.266, f  = 0.606), and there is no signihcant 
difference between the height of planted trees with and without weevil (fsos. 303 = 1.629, f  : 
0.203). Figure 3.9 details the distributions (histograms) of height and diameter for planted 
and natural trees with and without weevil that was used in the analysis in Figure 3.8.
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Figure 3.8. The average height (± 1 SE) using diameter as a covariate for weevil-attacked 
and unattacked natural trees (N) and for weevil-attacked and unattacked planted trees (P).
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Figure 3.9. Histogram distribution of diameter class and height class for weevil-attacked 
and unattacked natural trees (top graphs) and for weevil-attacked and unattacked planted 
trees (lower graphs).
3.5.4 and weewZ on free
When diameter is accounted for, weevil-attacked planted trees are significantly less 
stable than weevil-attacked natural trees (Fiw, io2= 16.443, P < 0.001)(Figure 3.10).
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Unattacked planted trees are also significantly less stable than unattacked natural trees (Fze, 
261 = 4.064, f  = 0.045). There is no significant difference between the stability of natural 
trees with and without weevil (Fiss. i66= 1.290, f  = 0.258), and there is no significant 
difference between the stability of planted trees with and without weevil (F259,257 = 0.340, F  
= 0.561). However, the interaction of weevil and tree origin is highly significant F428.424 = 
7.510, F = 0.006).
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Figure 3.10. The average stability of trees (± 1 SE) using diameter as a covariate for weevil- 
attacked and unattacked natural trees (N) and for weevil-attacked and unattacked planted 
trees (P).
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3.5.5 /brm  OM dwe (o weewZ
Table 3.3 shows the output of the direct logistic regression using all of the individual 
root characteristics to distinguish between weevil-attacked trees that are alive versus those 
that are dead from weevil (Chi-square value = 71.987, df = 12, f  < 0.001) indicating that the 
root characteristics, as a set, distinguish between live versus dead trees with weevil. This 
model produces a moderate prediction accuracy of 74.7 %. The prediction accuracy is much 
higher for live trees (83.7 %) than for dead trees (43.1 %). A moderate value for 
McFadden’s Rho-squared value (0.244) indicates that only some of the variation in live and 
dead trees with weevil is explained by root form.
Three root characteristics reliably distinguish between live and dead trees with 
weevil: spiral root, the number of sections with laterals, and the average surface area per 
lateral. Age is also a significant predictor (Table 3.3). Spiral root also has a log odds ratio 
over two indicating that it has a larger effect on the probability of a live tree than the other 
parameters. The sign of the estimate for all of the predictors is positive which means that as 
spiral severity increases or as the number of sections with laterals increases, the probability 
of a live tree increases.
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Table 3 3 . Output from a direct logistic regression using root parameters and age to predict 
trees that are live with weevil versus those that died from weevil (n = 279).
Parameter E s t i m a t e SÆ. t - r a t k ) P -
v a l u e
O d d s
r a t i o
U p p e r  
95% Cl
L o w e r  
95% Cl
Taproot 0 .1 1 4 0 .2 0 3 0 .5 6 3 0 .5 7 3 1 .1 2 1 1 .6 6 8 0 .7 5 3
J-root 0 .3 5 9 0 .2 1 2 1 .6 9 5 0 .0 9 0 1 .4 3 1 2 .1 6 7 0 .9 4 5
Spiral root 0 .8 1 3 0 .2 6 6 3 .0 6 1 0.002 2.255 3 .7 9 6 1 .3 4 0
Vertical compression 0 .6 4 1 0 .3 4 5 1 .8 5 6 0 .0 6 4 1 .8 9 8 3 .7 3 4 0 .9 6 5
Lateral spread - 0 .0 1 8 0 .2 1 1 - 0 .0 8 7 0 .9 3 1 0 .9 8 2 1 .4 8 3 0 . 6 5 0
Lateral compression -0.157 0 .2 9 4 - 0 .5 3 3 0 .5 9 4 0 .8 5 5 1 .5 2 1 0 .4 8 1
Slit morphology 0.077 0 .2 0 7 0 .3 7 1 0 .7 1 1 1 .0 8 0 1 .6 2 1 0 .7 1 9
Braided roots 0 .0 8 5 0 .2 9 7 0 .2 8 6 0 .7 7 5 1 .0 8 9 1 .9 4 8 0 .6 0 8
Root pairs - 0 .1 3 9 0 .2 2 3 - 0 .6 2 6 0 .5 3 1 0 .8 7 0 1 .3 4 6 0 .5 6 2
Sections with laterals 0 .3 7 0 0 .1 5 4 2 .4 0 5 0.016 1 .4 4 8 1 .9 5 9 1 .0 7 1
Average surface area per
root
0 .0 1 2 0 .0 0 4 2 .7 3 5 0.006 1 .0 1 2 1 .0 2 0 1 .0 0 3
Age 0 .3 5 7 0 .1 7 5 2 .0 3 6 0.042 1 .4 2 9 2 .0 1 5 1 .0 1 3
Thus, there are a number of results that arise out of this study. First, weevils appear 
to be choosing different host characteristics on planted versus natural trees. Second, 
although there is no significant difference in the incidence of weevil on planted versus 
natural trees, the severity of weevil girdling is slightly higher on trees with severe root 
deformity. Other pests attacks are also associated with root form. Third, weevil-attack is 
associated with low height to diameter ratio and high growth rate. Fourth, weevil-attacked 
planted trees at a given diameter appear to be shorter and less stable than weevil-attacked
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natural trees at the same diameter. Finally, live trees with weevil have different root forms 
than dead trees with weevil.
3.6 Discussion
3.6.J ybnw on weewf Aosf swscepfAfMfy
The shape of the root system may have little direct effect on oviposition choice by 
adult weevils given that there is no signihcant difference in the number of attacked trees 
between planted and natural trees (Figure 3.1). This is in contrast to the results for H. roJicw 
which show that weevils are more common and severe in plantations and windbreaks than in 
natural stands (Wilson and Millers, 1983). One possible explanation for this difference is 
that weevils are known to occur on the dominant and co-dominant trees in a stand and adult 
females distribute their eggs in proportion to the amount of bark surface available (Cerezke, 
1994). If the Warren root collar weevil primarily selects hosts visually, it makes sense that 
weevils may not distinguish between planted and natural trees as hosts. Adult weevils do not 
necessarily oviposit directly onto the root system. Eggs can be deposited on top of bark at 
the base of the tree, in holes in the bark that are excavated by adults, or even in the moss and 
soil adjacent to the host tree (Cerezke, 1994).
Even if visual adult host selection is not influenced by root form, there is evidence in 
my study to suggest that root form does have some effect on weevil incidence and on the 
severity of the damage inflicted on an attacked tree. Root form could affect susceptibility of 
lodgepole pine to weevil in two ways. If root deformation changes the growth parameters of 
the above-ground portion of the tree, host selection by adults may be affected. Root form 
could also affect susceptibility of pine to weevil by altering larval habitat and survival.
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Because the adults may primarily use above-ground properties for host selection, the effect of 
host properties on the survival of larvae may be more important than adult host selection.
The following section will discuss the implications of root morphology on adult host 
selection and larvae survival as well as the possible impacts of root form on host chemical 
cues and plant defense which, indirectly, may also aKect host selection and larval survival.
First there are some similarities in the logistic regression models using root 
morphology to predict weevil host choice. Both the planted (Table 3.1) and natural model 
(Table 3.2) of weevil choice showed highly signiBcant values for total root surface area.
This root characteristic may be strongly significant because it could alter both the above­
ground characteristics and the larval habitat. Larvae are often found feeding along the 
surface of the lateral roots, and a larger root surface area may therefore mean more resources 
for the developing larvae. The number of larvae per tree is associated with the amount of 
healthy bark surface area of the roots and root collar (Cerezke 1994). As well, a larger root 
surface area could allow the tree increased water and nutrient uptake which would, in turn, 
accelerate growth of the host tree (Hays and Woods, 1978). As adults select larger hosts, 
faster growing trees in a given area would be more susceptible to attack (Cerezke 1994). 
Weevils do prefer larger, faster growing trees (Figure 3.7). Furthermore, increased nutrient 
uptake affects tree nutrient content, which in turn affects insect herbivores and therefore host 
selection or larval survival (Bemays and Chapman 1994). Sufficient nitrogen uptake is 
especially important for early instar larvae, and is often a limiting factor at this stage (White, 
1984, cited in Dale, 1988). Deficiency of minerals in a host plant may also adversely affect 
larval survival (Dale, 1988) and therefore, root surface area may affect both adult selection 
and larval survival.
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In spite of the high significance of root surface area in both models, there are still 
some marked differences between the planted and natural models (Table 3.1 and Table 3.2) 
suggesting that weevils may be choosing different characteristics in planted versus natural 
trees. Planted and natural tree models of weevil choice differed in the importance of the 
individual root characteristics. None of the individual root characteristics affected weevil 
choice in natural trees (Table 3.2) whereas lateral spread and the number of sections with 
laterals were significant in the planted tree model (Table 3.1). Significance of lateral spread 
and distribution (number of sections with laterals) indicates that even if planted trees have a 
large surface area, a good lateral spread is also required in order to be a suitable host in 
planted trees. If all of the laterals are compressed into one side of the plant (as is often the 
case in planted trees), nutrient and water uptake may be adversely affected because of high 
rooting density (Endean and Carlson, 1975), which could adversely affect host suitability and 
nutrition. In addition, decreased lateral spread would decrease the surface area available for 
developing weevils. Therefore, there could be an increased chance of larval survival on 
larger trees, with good lateral spread as well as a high surface area in planted trees.
The root characteristics on the borderline of significance in the planted tree model 
(Table 3.1) may represent larval habitat attributes that rarely occur in natural trees. Vertical 
compression, lateral compression and root pairs may slightly increase larval survival because 
of the root pairing that may inhibit translocation (Grene, 1978) and lead to possible 
accumulation of carbohydrates around a graft that occurs between roots (Graham and 
Bormann, 1966, cited in VanEerden, 1978). Alternatively, grafted roots could simply 
increase the available root surface area for the larva to exploit. In the field, larvae do appear 
to occur more frequently along root grafts.
97
Another difference between the planted and natural tree models is the higher amount 
of variance in weevil choice explained by the root parameters for natural trees. This suggests 
that there are factors affecting tree host selection or larval survival in planted trees that were 
not present in the root characteristics model. Chemical cues (such as host volatiles) often 
influence ovipostition behaviour of insects (Bemays and Chapman, 1994). Planted trees may 
emit different chemical cues than natural trees due to their increased growth rates, different 
root systems, or genotype.
If weevils do respond to chemical cues it is possible that adult females may choose or 
avoid planted trees based on chemical cues associated with poorly formed roots. Reduced 
water uptake can influence the type and amount of chemical cues emitted by a plant (Bemays 
and Chapman, 1994). There is evidence that adults of the Eurasian root weevil, Hylobius 
abietis, are able to adjust host selection and feeding in response to host volatiles (Nordlander 
et al., 1997). Therefore, the Warren root collar weevil may also be able to ac^ust selection 
among hosts in response to changing host volatiles as a result of tree stress.
The lower amount of variance explained in the planted tree model may also occur as a 
result of changes in plant defense compounds. Herms and Mattson (1992) suggest the 
possibility that plant defense is a function of available carbon. A plant undergoing rapid 
early growth may have little carbon available for defense, making it more vulnerable to 
attack by insects (Herms and Mattson, 1992). Planted trees with low and moderate root class 
show the highest growth rates for both diameter and height (Figure 2.7) and therefore may 
have the lowest levels of defense. Warren root collar weevil employs a solitary strategy 
(Lieutier, 2002) in which the insect avoids or tolerates tree defenses. This strategy is 
characterized by high tolerance to resin. Although resinosis is not a major cause of larval
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mortality (Cerezke, 1994), a reduction in tree defense may allow for an increased probability 
of establishment for neonate larvae. Weevils do prefer faster growing trees (Figure 3.7). 
Thus, weevils may occur on larger trees not only because increased surface area serves as 
larval habitat, but also possibly because fast-growing trees have lower levels of defense 
(Herms and Mattson 1992).
Given that planted trees have higher growth rates than natural trees when root class is 
low or moderate (Figure 2.7), the planted trees with the best root form are the trees that 
should be at the highest risk for weevil attack. Figure 3.3, however, shows that low and 
moderate root classes in planted trees do not have higher numbers of weevil-attacked trees or 
significantly higher amounts of girdling. Interestingly, however, planted trees have a higher 
number of moderately and severely girdled trees when compared to natural trees, although 
the difference is not significant (Figure 3.2). A more discriminating measure, such as the 
total surface area girdled over tree diameter, may better elucidate any difference in 
susceptibility to weevil as a result of root stress.
Figure 3.4 may shed some light on the level of tree defense present in each root class. 
A significantly higher number of trees with western gall rust (E. /iartMe.y.yü) were in the 
severe root class compared to low or moderate root classes. Conversely, there was a 
significantly higher number of trees with pitch twig moth ( f  etrova sp.) attacks in the 
moderate root class. Both of these pests were spread randomly across aU of the cutblocks 
sampled and therefore this result was not simply a concentration in one area. The association 
of infection by western gall rust and attack by northern pitch twig moth may instead be a 
result of the biology of these organisms and their reaction to tree stress and levels of plant 
defense. Fast-growing trees are less resistant to infection by western gall rust (Yang et al..
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1999). Therefore, the increase in western gall rust associated with severe root deformation is 
counterintuitive. This difference may occur because planted trees with severe root 
deformation have lower levels of plant defense, although western gall rust is generally 
thought to attack vigorous trees with high levels of water and nutrients (Yang et al., 1999).
An alternative explanation for these seemingly conflicting results has to do with shoot 
characteristics of trees in the different root classes. If trees with severely deformed root 
systems grow more slowly, then the leaders are more condensed. More condensed needles 
on the leader may retard evaporation of dew and water which could lead to an increase in 
fungal infections as water adherence to the stem is a requirement for infection (Hoff, 1986). 
Pitch twig moth {Petrova sp.), on the other hand, is closer to the Warren root collar weevil in 
biology in that its larvae use resin mixed with frass to create a protective covering 
(Henigman et al., 1999). As a phloem and cambium feeder, Larsson (1989) suggests that it 
should be sensitive to host tree stress. Because of the high growth rate, the intermediate root 
deformation, and the significantly higher number of trees attacked by pitch twig moths 
(Figure 3.4), the moderate root class trees could be predicted to have the lowest 
concentrations of defense compounds. Although root form appears to be related in some way 
to plant defense in this study, the precise effects of root form on plant defense is still an open 
question that requires a great deal more research.
In addition to chemical cues and plant defense compounds, a final complicating factor 
in weevil host selection is insect strategy and reaction to plant defense. Reaction to tree 
stress and the resultant changes in food quality may differ among feeding guilds in insects. 
Koricheva et al. (1998) show that colonization of boring insects increased signiricantly on 
stressed trees. Selander and Immonen (1992) show that HyZobms adults cause more
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damage when seedlings are water stressed. In their research on the pinyon sawfly on pinyon 
pine, Mopper et al. (1992) suggest that there is also a temporal aspect to insect response to 
tree stress. They argue that sustained tree stress can benefit insect performance whereas a 
temporary stress while an insect is feeding or ovipositing can negatively affect insect 
performance. Therefore, the sustained stress of poor root form may be benefiting the 
development of the weevil larvae in trees with severe root deformation.
In addition, varying levels of tree defense have been shown to both aid and impede 
insect colonization in bark beetles. Raffa and Berryman (1983) show that mountain pine 
beetle (Dendroctonus ponderosae) success is increased when host tree defense is depleted by 
large numbers of attacking adults and therefore beetles benefit from lower levels of plant 
defense. As these bark beetles use plant defense compounds to synthesize aggregation 
pheromones, however, a certain concentration of defense compounds is actually required by 
the insect for effective aggregation. Highly vigorous trees will produce too much resin, 
which impedes the insect's ability to release aggregation pheromones, and therefore has a 
negative effect. Douglas-fir pitch moth {Synanthedon novaroensis) females may also select 
hosts based on the composition of host defense compounds (Rocchini et al. 2000). This 
insect is similar to Warren root collar weevil in that the larvae require continuously flowing 
pitch as they develop. Rocchini et al. (2000) found that ô-3-carene was present in resistant 
host trees although it was unclear from the study whether this defense compound reduced 
larval survival or altered female host selection behavior. The Warren root collar weevil may 
exhibit similar tradeoffs in its response to host defense compounds. If defense compounds 
are too high, then larval survival or host selection for oviposition may be reduced. However, 
if plant defense concentrations are too low, then larval protection and survival in resinous
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galleries beneath the pitch masses may be reduced. For example, oviposition by weevil 
occurs most frequently in July (Cerezke, 1994). Oviposition later in the summer during the 
warmer months may coincide with maximum water stress for host trees. Water stress may 
result in temporarily lower levels of host defense and growth (Herms and Mattson, 1992) that 
could allow the neonate larvae time to establish and become more resistant as host tree 
defense recovers. The fact that the effect of root form on tree girdling is not more 
pronounced for an insect that belongs to a sensitive feeding guild (such as Warren root collar 
weevil) suggests that the relationship between root form and tree susceptibility to attack by 
insects may be quite complex.
3.6.2 and weevif on free groWA and grow# rafe
Once a tree is attacked, the amount of resulting growth reduction also depends on 
individual root characteristics. Both weevil and root development problems impact the 
resource allocation for growth in lodgepole pine (Figure 3.5). Trees with good overall root 
form tend to allocate more energy into height growth and therefore have a larger height to 
diameter ratio (relatively taller and thinner), whereas trees with poorer root form tend to have 
less height growth and larger diameters (relatively shorter and wider). Weevil-attacked trees 
have consistently lower height to diameter ratios than unattacked trees regardless of root 
form. One possible explanation of this phenomenon may be that adult weevils choose to 
oviposit on or near the largest trees and the subsequent larval feeding reduces height growth. 
The magnitude of this difference, however, is most apparent for trees with good root form.
In other words, weevil attack may remove any height growth advantage associated with good 
root form. This is consistent with previous research on growth reduction in pines due to 
girdling by weevil. Wilson and Millers (1983) showed that the tallest trees showed greater
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reductions in height than shorter trees in the same stand for infestations o f /fyZotwij rodicü. 
Similar patterns occur for levels of individual root characteristics as well (Figure 3.6). The 
pattern only recurs for low levels of certain root characteristics (taproot, spiral root, lateral 
compression and braiding). A deep taproot and well spread root system may allow the tree 
sufficient water and nutrient uptake to increase height growth (Smith et al., 1997), yet when 
weevil girdling reduces water and nutrient uptake, the tree loses this advantage.
The significant interaction between tree origin and presence of weevil (Figure 3.8) 
may be a result of the sampling distribution or as a result of tree root form. Weevil-attacked 
natural trees appear to be taller (Figure 3.8) although the difference is not significant. The 
reason for this is illustrated in the sampling distributions in Figure 3.9. There are a large 
number of small unattacked natural trees in the sample distribution and the weevil-attacked 
trees are larger in both height and diameter than unattacked natural trees. Thus, even though 
diameter is used as a covariate in the analysis, the effect of weevil-attack on natural trees is 
obscured. Therefore, there appears to be a positive, but non-significant, effect on height 
when compared to the unattacked trees in Figure 3.8. Transforming the data has no effect on 
the pattern. However, the size distribution of planted trees is more even and therefore a 
reduction in height on weevil-attacked trees may be occurring in these trees.
Alternatively, weevil attack may simply occur on the taller natural trees and on 
smaller planted trees. Or, on the other hand, weevil-attacked trees may react differently 
depending on tree origin and this is signified by the significant interaction term (Figure 3.8). 
It is possible that weevil-attacked natural trees compensate for herbivory through a slight 
(although non-signficant) height growth whereas weevil-attacked planted trees lose a small
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(also non-significant) amount of height growth. This difference shows up as a significant 
difference in height between weevil-attacked natural trees and weevil-attacked planted trees.
Because the distributions of the weevil-attacked trees are similar for planted and 
natural trees, however, the comparison of height using diameter as a covariate is likely 
correct for these groups. The height of weevil-attacked planted trees is significantly lower 
than the height of weevil-attacked natural trees; this may be a result of lateral root 
characteristics. A higher number and surface area of lateral roots in the upper part of the soil 
may allow a young seedling an initial advantage over those trees with the normal taproot and 
sparser lateral development (Hay and Woods, 1978). In addition, an even distribution (i.e. 
more sections containing laterals) would allow the tree to exploit this upper part of the soil 
even if translocation is partially cut off by weevil girdling. A tree that has a reduced height 
to diameter ratio due to a poor taproot, lateral compression and braiding (characteristics of 
planted tree roots, see Chapter 2) has a lower probability of having roots in the upper portion 
(Figure 2.11). Therefore, although both planted and natural trees show reduced growth due 
to weevil, planted trees may be at a further disadvantage as a result of root form.
3.6.3 The oQfeef omZ roof/brm on free ffohiZify
Stability (Figure 3.10) shows a pattern similar to height (Figure 3.8) in that there were 
a large number of small natural trees in the analysis (Figure 3.9). Again, however, the 
comparison between weevil-attacked natural trees and weevil-attacked planted trees should 
be valid as tree size distributions are similar. The fact that planted trees with weevil are less 
stable than natural trees with weevil (when diameter has been taken into account) could be 
attributed to differences in lateral root characteristics between planted and natural trees 
(Figure 3.10). Cerezke (1994) suggests that reduced growth of lateral roots below weevil
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feeding may lead to an asymmetrical and unstable root system. In addition, planted trees 
show a significant reduction in the distribution of laterals (sections with laterals), total 
number of laterals, and total root surface area with increasing severity of root form (Figure 
2.11). Because most of the planted trees are severely deformed (Figure 2.3), weevil girdling 
occurring on one part of the root collar leaves fewer remaining undamaged roots to maintain 
tree support. Natural trees, however, are more likely to have an even spread of roots on all 
sides of the tree. The size distribution of attacked natural trees may again obscure whether or 
not there is an effect on stability by weevil-attack, but the comparison between weevil- 
attacked natural and planted trees should still be valid. Thus, when weevil attack is 
combined with an already poor lateral spread in many planted trees, a significantly lower 
stability for weevil-attacked planted trees in comparison with weevil-attacked natural trees 
occurs. This may also be why our preliminary observations led us to believe that weevils 
select trees with poor root form.
3.6.4 q/roof/orm amf weevif on morWAy
Table 3.3 shows that dead trees with weevil do have some different characteristics 
than trees that are alive with weevil attack; as the number of sections with laterals and root 
surface area increases, the probability of predicting a live tree also increases. This means 
that live trees with weevil have better distribution and size of laterals than dead trees. Again, 
this is because trees with a good lateral spread and a larger sized root system would be able 
to compensate for the loss of water and nutrient uptake from the part of the root system that 
was cut off due to girdling by weevil. Based on this evidence, it is likely that planted trees 
have a higher risk of mortality from weevil than natural trees. Unfortunately, it was very
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difBcult to reliably distinguish tree origin in dead trees and so we were unable to test this 
prediction in this study.
3.7 Conclusions and Recommendations
Planted tree root form affected the growth and resilience of lodgepole pine trees when 
they were attacked by weevil. Although the apparent differences between planted and 
natural trees are insignificant, this research shows that root form affected the growth. 
Although a more comprehensive study on the effects of root form and weevil on stability and 
mortality is required, the results of this study suggest that the combination of root form and 
weevil could have implications for both tree stability and mortality.
Indirectly, root form influenced tree susceptibility to Warren root collar weevil by 
influencing tree size and may have some effect on larval survival by influencing nutrient 
distribution and secondary metabolite production. After attack, the root form influenced the 
amount of growth lost due to weevil. Planted and natural trees, although they showed no 
difference in weevil attack, had different root forms that affect the impact of weevil on tree 
growth. Natural trees showed greater height growth after diameter was taken into account 
than planted trees and, when attacked by weevil, performed better than planted trees. In 
addition, those trees with planted tree root form and weevil attack were less stable than 
natural trees with weevil attack. Therefore, planted trees with weevil may be more 
susceptible than natural trees with weevil to windthrow or snow press damage even before 
age ten due to the nature of planted and natural root systems. Tree mortality due to weevil 
appeared to be related to the spread of lateral roots and the size of laterals roots and may 
therefore likely influence the potential for mortality in planted versus natural trees as well.
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The trees that were associated with the most growth loss due to weevil in this study 
were the trees with high growth rates and good root form. The trees with the lowest stability 
and highest mortality appeared to be those with severe root deformation. Infestations of 
weevil, in combination with poor root form, have the potential to completely remove the 
initial advantage of growing seedlings in greenhouse conditions. Cerezke (1994) makes 
several management recommendations for areas at high risk for weevil infestation (mesic to 
moist sites replanted with lodgepole pine or white spruce). These recommendations, such as 
prescribed burning or scarification, may be especially important to reduce weevil populations 
if planting is planned to regenerate areas with potentially high levels of competing vegetation 
where fast-growing trees would have an advantage. Alternatively, weevil attack and poor 
root form may exacerbate situations where tree stability or mortality is a potential problem 
due to soil conditions such as a root restricting layer or where water stress may already be a 
problem for developing trees. Finally, any alterations to container-grown seedlings in 
combination with planting techniques that could improve lateral spread and increase root 
surface area may further increase the resiliency of plantation pine.
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4: THE EFFECT OF PLANTING FAULTS ON ABOVE-GROUND 
CHARACTERISTICS OF TWO- AND THREE-YEAR-OLD 
LODGEPOLE PINE SEEDLINGS, P/NUS COATOR7A VAR. 
LATZFOLM.
4.1 Abstract
Although root deformities in planted trees have been identified and described for
many years, it is difficult to distinguish between the effects of tree root deformation 
caused by planters versus the effects of root deformation caused by containers. This 
study assessed the effects of seven common planting faults in two experiments: one under 
field conditions and a second under greenhouse conditions. Seedlings were grown in the 
field over 3 growing seasons and in a greenhouse over 2 growing seasons. A repeated 
measures ANOVA showed that planting faults did not affect above-ground characteristics 
in the field trial when compared to control trees during the study period. Under 
greenhouse conditions, however, height, leader length, crown width, number of branches 
and number of buds were all significantly affected by the planting fault treatments when 
compared to control trees. A longer study period and an expanded number of replicates 
would serve to clarify the trends and patterns that were observed in early growth of 
lodgepole pine seedlings in this study.
4.2 Introduction
Root deformities in planted trees have been identified in the literature for many 
years (Rudolph, 1939; Schantz-Hansen, 1945; Gruschow, 1959; Woods, 1980; Krasowski 
and Owens, 2000). Planted trees often have root deformities that result from the
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container in which the seedling was grown (Burdett and Martin, 1982; Burdett et al.
1983; Krasowski and Owens, 2000) and they may also have root deformities as a result of 
planting fault (Gruschow, 1959; Hay and Woods, 1968).
Hand planting of conifer seedlings is the dominant reforestation method in the 
Prince George area. This poses a number of risks for tree root form (MOF, 1999). Seven 
types of root deformation have been identified by Canadian Forest Products Ltd. (V. Day, 
personal communication^) as common planting faults in northern British Columbia. J- 
root occurs when the plug is bent into a 'J' form as it is inserted into the planting hole. 
Laterally flattened roots have the lateral roots compressed against the root core. 
Vertically compressed roots have the lower half of the plug compacted or flattened 
when they are planted. Spiral roots can arise from the lateral roots following the contour 
of the container in the nursery or by the twisting of the tree during planting. Planting can 
also be too deep (where the stem of the tree is partially covered by soil) or too shallow 
(where the top of the root system is visible above the soil). A final planting fault is 
seedlings planted in a non-vertical position.
Literature reports on the effects of root form on above-ground characteristics of 
planted trees are not always consistent. Several studies address the alteration of root 
morphology with planting technique. Schultz (1973) found that some planting techniques 
greatly affected the development of root systems in slash pine, gHiotü Engelm. 
Taproot deformities due to planting faults were found on 46% of trees excavated after 
five years. Laterals were also often deformed as a result of the shape of the opening 
created in the ground by the shovel when planting (most often a sht-shape). Interestingly, 
however, he reported no significant reduction in above-ground growth at age five or age
■ Vincent Day R.P.F., Silviculture Coordinator, Prince George Operations, Canadian Forest Products Ltd.
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twelve for slash pine with these root development problems. In addition, Seiler et al. 
(1990) report no effect of J-roots on growth or water stress in planted bare-root seedlings. 
However, other studies suggest that early root form can have drastic effects on tree 
survival and early growth (Nambiar, 1980; Marünsson, 1986)
Previous studies have not attempted to differentiate the effects of planting from 
the effects of the container growth on above-ground performance of seedlings.
Therefore, the objective of this study was to determine whether planting faults alter the 
above-ground characteristics of container-grown seedlings 2-3 years after out-planting 
when compared to a well-planted container-grown seedling (control).
4.3 Materials and Method
In the summer of 2001 seedlings originated from a stand near Lovell Cove 
(approximately 240 km northwest of Prince George) were planted in the field at Red 
Rock Nursery south of Prince George. The seedlings were grown in polystyroblock 
containers (PSB 310: 3 cm wide, 10 cm deep plugs) at the J.D. Little Nursery (Canadian 
Forest F*roducts Ltd.) under greenhouse conditions for one year prior to outplanting.
Roots were manipulated to produce a range of root development problems. The 
treatments included J-roots, spiral roots, vertically compressed roots, non-vertical roots, 
seedlings planted too deeply and finally, seedlings planted too shallowly. J-roots were 
induced by planting the tree with the root plug bent 90° to the axis of the tree at the 
midpoint of the plug. Spiral roots were planted normally, loosely packed with soil, and 
then twisted sharply one half turn to the right. Vertically compressed roots were induced
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by compressing the lower roots toward the root collar in effect shortening the length of 
the plug by approximately half. Non-vertical trees were planted with their roots at an 
angle offset 45° from the normal axis. Deep trees were planted such that the top of the 
plug rested approximately one centimetre below the soil surface. The soil usually 
covered some of the lower needles and occasionally the lower branches of these 
seedlings. Finally, shallow trees were planted such that the top of the plug rested 
approximately one centimetre above the soil with the top of the plug exposed. Control 
trees were carefully placed in the planting hole so that the plugs were straight, the roots 
were not constricted, and the root collar was level with the top of the soil.
A total of 212 trees were planted during the last week of May in 2001 in an old 
tilled field with sandy, well-drained soil at the Red Rock research station, 20 km south of 
Prince George. A minimum of 30 trees were assigned to each treatment and planted in a 
completely random design, which was chosen due to the homogeneous nature of the site. 
The seedlings were measured once per year (in the fall) for three years. No extra 
watering or fertilization of these trees was done. The trees were excavated at the end of 
the experiment in order to confirm the treatment.
4.3.2 Enhanced f  oregfry GreenAowfe Experimenf
In order to determine the ejects of root deformation under ideal growing 
circumstances, the experiment was repeated in 2002 under greenhouse conditions at the 
I.K. Barber Enhanced Forestry Laboratory, University of Northern British Columbia, 
using 195 seedlings. The seedlings were planted in 9-htre pots the last week of May, 
2002. Because of poor weather, seedlings available for research were not readily 
available in Prince George. One box of seedlings was obtained from the Red Rock
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Nursery, but provenances and seedling size that were the same as those used in the field 
trial could not be obtained. All seedlings in the trial were the same size and provenance 
and so the treatments can be compared within the trial. These seedlings were from a 
provenance near Hudson's Hope (approximately 375 km north of Prince George); they 
were grown in polystyroblock containers (PSB 410: 4 cm wide, 10 cm deep plugs) in the 
greenhouse facility at PRT Red Rock for one year before outplanting.
In addition to the treatments used in the field experiment, an eighth treatment, 
laterally-flattened roots, was added to this experiment. Laterally flattened roots were 
induced by flattening the sides of the plug in order to simulate slit root morphology. A 
randomized complete block design was used to control for known variation in light and 
air flow in the growth chamber. Each block consisted of a row containing all treatments 
assigned randomly.
In the summer of the first year of growth, the seedlings were grown under a 20:4 
hour light:dark photoperiod with one application of 100 ppm of 20-20-20 fertihzer each 
month until the end of September 2002. The seedlings were hardened off in October 
2002 and overwintered in an outside compound until May 2003, and then returned to the 
growth chamber in the greenhouse. In order to stimulate maximum growth and 
performance in the second year, the 20:4 hour photoperiod was maintained, but the 
application of 100 ppm of 20-20-20 feritilizer was increased in frequency to once per 
week. Soil was kept moist throughout the growing time in the greenhouse. Again, the 
trees were excavated at the end of the experiment to confirm the treatment.
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Growth parameters were measured immediately after planting and at the end of 
each growing season (between September 1 and October 3). The last measure for the 
Red Rock trial was completed on August 3,2003 in order to allow time for the 
characterization of the root system. Seedlings were often still growing at the time of 
measurement as lamas growth (secondary growth that occurs after the main growing 
season, often due to mild weather) was frequently observed. Growth parameters 
measured included: total tree height, leader growth, root collar diameter, crown width, 
needle length on leader, number of branches, number of buds, and tree vigour. All 
measurements were made to the nearest 0.1 cm, except for root collar diameter (0.01 cm), 
crown width (0.5 cm), and tree vigour (see below). Total tree height was measured from 
the root collar (at the soil or plug level) to directly beneath the terminal bud. If a lateral 
branch showed clear dominance over the terminal shoot (i.e. dead terminal bud or lateral 
overtopping the central shoot), the height was measured using this dominant lateral 
branch with the expectation of its eventual dominance. Leader growth was measured 
from the bud scars of the previous year's growth to directly beneath the terminal bud on 
the dominant shoot. Root collar diameter was measured where the tree stem entered the 
plug or soil. Crown width was determined by approximating the average spread of the 
lateral branches from a top-down view of the seedling. The needle length on the leader 
was determined &om the measurement of a representative needle length on the leading 
shoot. The number of branches was simply the number of primary laterals (those 
connected directly to the main stem) observed. The number of buds included all visible 
buds on both the terminal and the lateral branches. Finally, tree vigour was rated on a
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scale of 0 to 3; 0 represents a dead seedling, 1 represents a seedling showing greater than 
twenty percent damage due to abiotic factors, 2 represents a seedling showing greater 
than twenty percent damage due to biotic factors, and 3 represents a healthy tree (less 
than twenty percent total damage).
A repeated measures analysis of variance (ANOVA) was performed using 
treatment as the factor for the Red Rock trial and treatment, block and the 
treatment*block interaction as factors in the greenhouse trial. All data analyses were 
performed using SPSS 11.0 (SPSS Inc., 2002). All assumptions (Townend, 2003) for 
ANOVA were satisfied by the data. A Dunne# post hoc test for between subject 
differences was conducted in order to identify the treatments that were significantly 
different from the control.
4.4 Results
The intended treatments were all obvious upon excavation of the trees at the end 
of the experiments; however, the spiral root was apparent but not severe.
The results from the three-year old trees planted in the field at the Red Rock 
location show significant differences among treatments only for leader length (Table 4.1). 
Adthough leader length was significantly different, the Dunne# post hoc test revealed that 
none of the treatments differed signiAcantly from the control. Two variables were not 
significantly lower than the control but had borderline p-values: diameter and crown 
width. Of note as well, is the fact that even though the between subject tests were not
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signiGcant, the within-subject interactions of two variables, height and diameter, were 
signiGcant. This indicates that the equation describing the variables over Gme had 
different slopes among treatments (Wilkinson, 1996). In other words, the rate of height 
and diameter change over the study period was different among treatments.
Under greenhouse conditions, the treatments were associated with changes in 
different variables (Table 4.2). Height (Figure 4.1), leader length (Figure 4.2), crown 
width (Figure 4.3), number of branches (Figure 4.4), and number of buds (Figure 4.5) all 
showed significant differences among means after only two years growth. None of the 
variables measured on the greenhouse trees showed any significant interaction. Because 
the greenhouse trial was arranged in a blocked design, the results of a repeated measures 
ANOVA under greenhouse conditions also showed that two variables, needle length 
(Fi94,i7o= 2.018, F  = 0.005) and leader length (Fi94,i70= 1 659, F  = 0.034), showed a 
significant difference among blocks. For the rest of the variables, the block effect was 
not signiGcant (F > 0.05).
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Table 4.1. Repeated measures ANOVA table for the Red Rock field trial using a control 
and six planting fault treatments. Mean difference is the treatment mean minus the 
control mean and therefore a positive value indicates that the treatment value is larger 
than the control and a negative value indicates that the treatment value is smaller than the 
control.
V a r i a b l e F - v a l u e d f f - v a l u e D u n n e t t t e s t : M e a n  d l E . f - v a l u e
Between subjects C o n t r o l  v s . J-root 0 .0 4 0 8 1 .0 0 0
H E I G H T 1 .0 3 9 6 0 .4 0 1 Vertically compr. 1 .3 9 1 3 0 .5 6 9
Within subjects Non-vertical 0 .4 5 4 3 0 .9 9 6
T i m e * t r e a t m e n t 1 .7 3 5 18 0 .0 3 0 Spiral root 0 .8 6 3 6 0 .9 0 2
Too deep - 0 . 9 8 5 2 0 .8 5 3
Too shallow 0 .3 1 8 7 0 .9 9 9
Between subjects Control vs. J-root - 0 .7 7 3 3 0 .8 2 1
L E A D E R 2 .9 3 4 6 0 .0 0 9 Vertically compr. 0 .8 8 1 1 0 .7 4 7
Within subjects Non-vertical 1 .3 6 8 4 0 .3 3 3
Time*treatment 0 .7 6 7 1 2 0 .6 8 5 Spiral root 0 .7 1 0 2 0 .8 7 6
Too deep 1 .4 2 0 2 0 .2 9 7
Too shallow - 0 .8 7 3 3 0 .7 5 4
Between subjects Control vs. J-root - 0 .2 8 7 9 0 . 6 4 0
DIAMETER 2 .0 7 8 6 0 .0 5 7 Vertically compr. 0 .2 2 5 4 0 .8 4 2
Within subjects Non-vertical 0 .0 2 7 9 1 .0 0 0
T i m e *  t r e a t m e n t 1 .8 7 4 18 0 .0 1 5 Spiral root - 0 .1 5 2 3 0 .9 6 8
Too deep - 0 .5 1 8 8 0 .1 2 8
Too shallow -0.0916 0 .9 9 8
Between subjects Control vs. J-root - 1 .1 4 5 8 0 .0 1 3
C R O W N  W I D T H 2 .0 9 9 6 0 .0 5 5 Vertically compr. - 0 . 6 3 0 0 0 .3 7 3
Within subjects Non-vertical - 0 .3 0 1 3 0 .9 3 1
Time*treatment 0 .9 8 9 1 8 0 .4 7 1 Spiral root - 0 .4 7 1 3 0 .6 5 5
Too deep - 0 . 9 4 3 6 0 .0 7 2
Too shallow - 0 .4 4 0 1 0 .7 2 8
Between subjects Control vs. J-root - 0 .0 1 6 5 1 .0 0 0
N E E D L E  L E N G T H 0 .4 3 7 6 0 .8 5 4 Vertically compr. 0 .0 9 3 3 0 .9 9 7
Within subjects Non-vertical - 0 .0 0 0 2 1 .0 0 0
Time*treatment 0 .7 6 3 18 0 .7 4 5 Spiral root - 0 .0 1 2 7 1 .0 0 0
Too deep 0 .2 2 8 2 0 . 8 2 0
Too shallow 0 .2 0 1 7 0 .8 8 2
Between subjects C o n t r o l  v s . J-root - 0 . 5 5 0 0 0 .8 1 9
B R A N C H  N O . 1 .6 8 0 6 0 .1 2 7 Vertically compr. - 0 . 0 3 0 0 1 .0 0 0
Non-vertical 0 .1 0 0 0 1 .0 0 0
Time*treatment 1 .2 0 8 1 8 0 .2 4 8 Spiral root - 0 . 0 7 0 0 1 .0 0 0
T o o  d e e p - 1 . 3 8 0 0 0 .0 7 2
T o o  s h a l l o w - 0 . 4 6 0 0 0 .9 1 6
B g h v e e n  aw Z ÿ e c fj C o n t r o l  v s . J-root 0 .8 6 7 0 0 .8 6 7
B U D  N O . 1 .0 4 9 6 0 .3 9 5 Vertically compr. 0 .9 9 8 0 0 .9 9 8
Within subjects Non-vertical 1 .0 0 0 1 .0 0 0
Time*treatment 1 .1 1 7 18 0 .3 3 0 Spiral root 1 .0 0 0 1 .0 0 0
Too deep 0 .4 7 4 0 0 .4 7 4
Too shallow 0 .5 1 1 0 .5 1 1
120
Table 4.2. Repeated measured ANOVA table for the Enhanced Forestry Laboratory 
greenhouse trial using a control and seven planting fault treatments. A positive mean 
difference value indicates that the treatment value is larger than the control and a negative 
value indicates that the treatment value is smaller than the control.
Variable F-value df f-valu e Dunnett test: Mean diff. f-value
Between subjects Control vs. J - r o o t - 0 . 6 1 6 9 0 .9 5 3
HEIGHT 2 .4 6 3 7 0.019 Vertically compr. - 1 . 6 3 3 6 0 .1 8 7
Within subjects Non-vertical -2.6200 0.006
Time*treatment 1 .6 3 7 1 4 0 .0 6 7 Spiral root - 0 .4 0 6 7 0 .9 9 5
Too deep - 1 .2 6 9 9 0 .4 3 1
Too shallow - 0 .5 1 5 5 0 .9 8 1
Laterally flattened - 1 .7 2 5 2 0 .1 4 6
Between subjects Control vs. J-root - 0 .0 9 2 6 1 .0 0 0
LEADER 2 .1 4 0 7 0.041 Vertically compr. - 0 .5 6 6 2 0 .5 9 1
Within subjects N o n - v e r t i c a l -1.2267 0.016
Time*treatment 1 .1 6 1 1 4 0 .3 0 3 Spiral root - 0 .3 1 0 7 0 .9 5 7
Too deep - 0 .0 4 8 2 1 .0 0 0
Too shallow - 0 .7 7 7 3 0 .2 6 0
Laterally flattened - 0 .4 0 6 5 0 .8 6 1
Between subjects Control vs. J-root - 0 .2 2 6 6 0 .4 9 0
DIAMETER 1 .4 3 4 7 0 .1 9 4 Vertically compr. -0.1477 0 .8 6 2
Within subjects Non-vertical 0 .0 1 6 3 1.000
Time*treatment 2 .6 3 3 14 0 .6 1 3 Spiral root -0.1151 0 .9 5 3
Too deep - 0 .2 8 8 4 0 .2 4 2
Too shallow - 0 .3 2 8 8 0 .1 3 8
Laterally flattened - 0 .2 0 2 7 0 .6 0 7
Between subjects Control vs. J-root - 0 .2 5 1 6 0 .9 2 2
CROWN WIDTH 3 .8 8 9 7 0.001 Vertically compr. - 0 .6 2 2 4 0 .1 5 8
Within subjects N o n - v e r t i c a l -1.1960 <0.001
T i m e *  t r e a t m e n t 1 .1 1 9 14 0 .3 3 9 Spiral root - 0 .4 0 1 3 0 .5 7 9
Too deep - 0 .4 9 3 2 0 .3 7 0
Too shallow - 0 .4 7 5 2 0 .4 0 9
Laterally f l a t t e n e d -1.0807 0.002
Between subjects Control vs. J-root 0 .1 8 7 0 0 .9 6 5
N E E D L E  L E N G T H 0 .9 3 4 7 0 .4 8 1 Vertically compr. - 0 .1 1 0 2 0 .9 9 8
Within subjects Non-vertical 0 .2 9 4 7 0.747
Time* treatment 1 .3 3 1 1 4 0 .1 8 6 S p i r a l  r o o t 0 .2 8 9 3 0 .7 6 2
Too deep 0 .3 3 9 8 0 .6 2 6
Too shallow - 0 . 0 5 6 0 1 .0 0 0
L a t e r a l l y  f l a t t e n e d 0 .1 8 4 2 0 .9 6 7
B e h v g e M C o n t r o l  v s . J - r o o t - 1 .4 0 3 3 0 .0 7 5
BRANCH NO. 3 .1 0 9 7 0.004 Vertically compr. - 0 . 3 2 0 0 0 .9 9 2
Within subjects Non-vertical -1.4907 0.047
T ime*treatment 1 .0 1 2 1 4 0 .4 4 0 Spiral root - 0 . 6 8 0 0 0 .7 2 1
Too deep -1.6811 0.020
Too shallow - 0 . 4 7 2 8 0 .9 3 6
Laterally flattened -1.8894 0.006
Between subjects C o n t r o l  v s . J-root -2.2200 0.022
BUD NO. 3 .1 2 2 7 0.004 V e r t i c a l l y  c o m p r . - 0 . 4 3 0 0 0 .9 9 1
Within subjects Non-vertical - 1 . 6 7 0 0 0 .1 3 6
Time*treatment 0 .8 1 8 1 4 0 .6 5 0 S p i r a l  r o o t - 0 .7 2 0 0 0 .8 8 1
T o o  d e e p - 1 . 9 6 0 0 0 .0 5 7
Too shallow - 1 . 2 0 0 0 0 .4 5 3
L a t e r a l l y  f l a t t e n e d -2.7500 0.002
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Figure 4.1. Mean height (± 1 SE) for treatments (non-vertical and control) that were
significantly different from the control over time for trees grown over two years in the 
Enhanced Forestry Laboratory (EEL).
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Figure 4.2. The mean leader length (± 1 SE) for treatments (non-vertical and control) 
that were significantly different from the control over time for trees grown over two years 
in the Enhanced Forestry Laboratory (EEL).
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Figure 4.3. The mean crown width (± 1 SE) for treatments (laterally flattened, non-
vertical, and control) that were significantly different from the control over time for trees 
grown over two years in the Enhanced Forestry Laboratory (EFL).
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Figure 4.4. Mean number of branches (± 1 SE) for treatments (laterally flattened, non­
vertical, too deep, and control) that were significantly different from the control over time 
for trees grown over two years in the Enhanced Forestry Laboratory (EFL).
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Figure 4.5. Mean number of buds (± 1 SE) for treatments (J-root, laterally flattened, and 
control) that were significantly different from the control over time for trees grown over
two years in the Enhanced Forestry Laboratory (EFL).
Although no seedlings died (vigour = 0) in the greenhouse trial, 15 (7.1% of the 
total number of trees planted) trees died in the field trial at Red Rock (Figure 4.6). The 9 
trees that died in the too deep treatment represent 28.1 % of the total 32 trees planted with 
that treatment. In the field trial at Red Rock, two trees were identiEed with a vigour 
rating of 1 (one in the J-root treatment and one in the spiral root treatment) and two trees 
were identiEed with a vigour rating of 2 (one in the too shallow treatment and one in the 
control). In the greenhouse trial, there was one tree with a vigour radng of 1 in each of 
Eve treatments (control, J-root, non-vertical, too deep and too shallow treatments).
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Figure 4.6. The percentage of dead trees by treatment that occurred in the field trial at 
Red Rock. There were no dead trees in the trial at the Enhanced Forestry Laboratory.
4.5 Discussion
4.5.7 TreaOMenf on growfA
In the field experiment at Red Rock, only leader length showed a significant 
change associated with the treatments, although none were different from the control. 
Leader length is likely the first indicator of treatment effects on tree growth as it is an 
indicator of the last year's growth. Other effects may start to show up in other variables 
as the trees continue to grow; diameter ( f  = 0.057) and crown width ( f  = 0.055) 
approached signiEcance at Red Rock (Table 4.1). This suggests that the treatments were 
only beginning to alter above-ground characteristics in the Eeld at the Eme of last 
measurement. In addiEon, treatments such as spiral root may not truly affect above-
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ground tree growth until laterals begin to thicken around the root system. While the 
spiral was apparent at the end of the trials, it is not likely to affect the tree until woody 
root growth increases. Similarly, because the final height and diameter did not vary 
significantly with treatment, their interaction observed in the field trials as Red Rock may 
reflect that some treatments are beginning to grow faster than others.
In spite of a shorter duration of the greenhouse experiment, seedlings grown 
under favorable conditions showed many more significant differences among treatments 
than seedlings grown under Aeld conditions. This may occur because the seedlings in the 
greenhouse were not limited by nutrients, water or light and thus were able to grow to 
their full potential. Canham et al. (1996) show that white pine seedlings increase above­
ground growth when access to nutrients and light is high and Krasowski et al. (1999) 
showed that above-ground growth of white spruce was positively affected with the 
addition of fertilizer. The field-grown seedlings, on the other hand, were not fertilized 
and were subject to seasonal and climatic factors that could limit growth. Therefore, in 
situations where growth is not hmited by nutrients, water, and light, it appears that root 
deformation due to planting faults may have begun to alter above-ground characteristics, 
which led to differences among treatments sooner than in the held.
The significant values in this experiment, however, should be interpreted with 
some degree of caution as the initial seedling above-ground measurements were often 
different from the beginning of the experiment (Figure 4.1 to Figure 4.5). Given this 
drawback, the non-vertical treatment showed the largest and most consistent reductions 
(in height, leader length, crown width, and number of branches). Newton and Comeau 
(1990) report that suppression of seedlings by competing vegetation can lead to decreased
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numbers of buds and thin crowns with reduced leaf area. Low leaf area, in turn, leads to 
decreased growth and competitive ability in seedlings. Although non-vertical seedlings 
do not show reduced numbers of buds, they do show a decreased number of branches and 
possibly a decreased crown width. Because the non-vertical treatment had a significantly 
lower crown width than the control at the initiation of the experiment (Figure 4.3), it is 
possible that the significant e^ect reported by the Dunnett post hoc test was due in part to 
the initial condition rather than a true treatment effect. Nevertheless, decreased crown 
width and decreased number of branches would also mean lower photosynthetic surface 
area, which could partially explain the decreased height and leader growth for this 
treatment.
A few other variables also showed significant differences among treatments. The 
laterally flattened treatment showed reductions in crown width, branch number and bud 
number (Table 4.2) but not the corresponding decreases in height and leader growth. If 
this study had continued longer, however, it is possible that laterally flattened trees would 
begin to show decreased height growth as well due to the reduction in crown width, 
branch number and bud number. Finally, J-rooted trees showed significantly fewer buds 
than the control trees. Tappeiner et al. (1987) show that buds occurring between branch 
whorls are a reliable indicator of seedling vigour in Douglas-Ar, mgnzie.;»,
seedlings. They further suggest that bud number may be a reliable early index of tree 
stress due to competition and an indicator of the seedling's future growth potential. Thus, 
the fact that J-rooted seedlings showed signiAcantly fewer buds than the control may 
suggest that these seedlings were beginning to show symptoms of reduced vigour in this 
experiment. Although the too deep treatment showed a significantly lower number of
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branches, this is likely a result of the buried lower branches as the soil settled during the 
experiment.
4.5.2 Treofmenf on mo/W&y
The treatment that showed the most mortality was the too dggp treatment (Figure 
4.6) although the numbers of dead trees were too small for statistical analysis. This is 
contrary to the findings of Paterson and Maki (1990). In their study, Jack pine seedlings 
planted 2.5 cm and 5.0 cm too deep did not have significantly different total heights after 
six years growing time when compared to a control either for bare-root seedlings or for 
seedlings originating in paper pot containers. Huuii (1978), however, found that burying 
seedlings to half-way up the stem consistently reduced survival over 12 years after out- 
planting of bare-root Scots pine when compared to control trees. In my study, the root 
collar was buried only 1 cm below the soil surface. Thus, it is possible that lodgepole 
pine may be particularly sensitive to deep planting.
The apparent increase in mortality in the field experiment in comparison with no 
mortality under greenhouse conditions may be a result of conditions at the site. Switzer 
(1960) found that seedlings planted with half the stem buried showed reduced survival on 
poorly-drained sites. Switzer (1960) also showed that seedling survival is much higher 
(above 90% one year after outplanting) on well-drained clay than on poorly-drained clay 
or silt. My results suggest that deep planting of container plugs may incur an increased 
risk of seedling mortality for lodgepole pine even when planted on sandy, well-drained 
soils. In this case, tree mortality was not concentrated on a particular year and is 
therefore not likely a result of excessive precipitation or drought. This potential loss of
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trees, however, should be fairly easily remedied by stressing the importance of proper 
planting technique during reforestation.
4.6 Conclusions and Recommendations
Planting faults appear to have an effect on above-ground growth and survival in 
lodgepole pine. The treatments do not appear, from the results of this study, to have 
serious ejects on seedling growth or survival within the first 2 to 3 years after out- 
planting. Given that above-ground growth (Chapter 2) and susceptibility to attack by 
weevil (Chapter 3) are associated with tree root form, it is likely that a larger effect may 
be apparent in the longer term. In addition, Burdett et al (1983) suggest that even though 
their study showed effects of root form after 4 years, trees that grow poorly early after 
planting can continue to grow poorly for many years. As well, Coutts et al. (1990) report 
J-roots were still detectable 15 years after planting. Because planted seedlings may have 
more than one planting fault, in combination with container constraints, the practical 
impact of root deformity may be amplified in operational forestry situations. Seedling 
mortality only appears to be slightly higher for seedlings planted too deeply, but this 
effect only appeared under Held conditions and may occur as a result of site conditions.
It would be useful to continue this experiment over a longer time frame and to replicate 
the experiment on several soil types and in several biogeoclimatic zones. The addition of 
directly seeded trees as a second control would also uncover any combined effect of 
container and planting faults on the above-ground characteristics of seedlings. Thus, a 
larger study over a longer time period is required in order to more completely determine 
the effects of planting faults on the growth and survival of planted lodgepole pine.
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5: SYNOPSIS
5.1 Summary of major conclusions
Widespread root deformities exist in planted lodgepole pine trees around northern 
British Columbia. The m^ority of these deformities likely occur as a result of container- 
grown plugs in combination with some deformities resulting from hand planting. Almost 
two thirds of planted lodgepole pine trees show severe root deformation (Chapter 2). For 
planted pine with low and moderate root deformation, resource allocation may be altered 
resulting in an increased initial tree growth rate. High initial growth rates present in planted 
trees, however, are lost when the root system is severely deformed. Root form may also 
affect the risk of mortality in planted trees due to the low root surface area associated with 
severely deformed root systems.
A large portion of root deformity in planted trees occurs as a result of container 
constrictions on early root development. Planting faults, in addition to container influences, 
also appear to be important for planted trees although the indications of potential problems 
are slight in the first three years of growth (Chapter 4). Non-vertical planting showed the 
highest number of effects on above-ground characteristics early in development, although 
several other planting faults (J-roots and laterally flattened root systems) affected above­
ground characteristics as well. Seedling mortahty only appears to be higher for seedlings 
planted too deeply.
The effects of tree root deformation on lodgepole pine are made more complex with 
the addition of an insect parasite, the Warren root collar weevil (Chapter 3). Although the 
apparent differences between planted and natural tree susceptibility to weevil are non­
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significant, this research shows that root form affected the growth, stability and possibly the 
mortality of weevil-attacked trees, and these effects were exacerbated in planted trees. 
Indirectly, root form influenced tree susceptibility to Warren root collar weevil by 
influencing tree size and may have some effect on larval survival by influencing nutrient 
distribution and secondary metabolite production. Planted and natural trees were not 
differentially attacked by weevil, but they did have different root forms that affect the impact 
of weevil attack on tree growth. Natural trees showed greater height growth, after controlling 
for diameter, than planted trees and, when either was attacked by weevil, were significantly 
taller than planted trees. In addition, those trees with planted tree root form and weevil attack 
were less stable than natural trees with weevil attack. Therefore, planted trees with weevil 
might be expected to be more susceptible to windthrow, even before age ten, due to the 
structure of planted and natural root systems. Tree mortality due to weevil appeared to be 
related to the spread of lateral roots and their size and may therefore influence the potential 
for mortality in planted versus natural trees as well.
5.2 Potential Implications of this Research
There are a number of potential implications for tree host suitability and insect 
behavior and survival as well as forest management that arise from the results of this 
research. The solitary host selection behavior and survival strategy described by Lieutier 
(2002) and utilized by the Warren root collar weevil is unique. Insects that are able to 
survive and thrive while in a resinous and, thus, toxic environment must be able to deal 
directly with host defense mechanisms. Therefore, neither the host plant (which may 
outgrow the attack) nor the parasitic insect (which can already survive and thrive in the full
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force of the host plant's defense) may have strong evolutionary pressure to further overcome 
the other. Mamaev (1971) argues that such a life strategy would not result in an evolutionary 
impasse of groups but instead suggests that this strategy represents a transition between 
levels of parasitism. He suggests that anatomical and functional similarities exist between 
the larvae that exploit the resinous environments and gall midges that survive in semi-liquid 
decaying plant media. He further suggests that larvae living in resinous environments are in 
evolutionary transition toward the gall midge life strategy. Moving from mining the tree 
phloem to creating galls that induce abnormal growth around the larvae may be a possible 
evolutionary strategy, although the pressure for change is still likely low as survival of either 
species is not always threatened before reproduction in vigorous individuals. However, there 
is some evidence that variation in host defense compounds may be detrimental to growth or 
survival of weevil larvae. Duke (2001) suggests that the Warren root collar weevil may 
avoid ovipositing on trees with elevated levels of the monoterpene ô-3-carene. Therefore, 
trees with higher levels of repellent compounds as part of the primary defense mechanism 
may have reduced weevil attack and therefore increased energy for growth and reproduction 
as energy for secondary defense compounds is not required. Therefore, lodgepole pine may 
thus be ar^usting to evolutionary pressure from attack by Warren root collar weevil.
The addition of root development problems in planted trees may further alter the 
plant-insect interactions between lodgepole pine and the Warren root collar weevil.
Although root deformation in planted seedlings is not genetically determined and therefore 
will not affect tree evolution, tree root form does affect pine-weevil interactions. As planted 
trees have lower root surface area and appear to be shorter and less stable than natural trees 
with weevil (Chapter 3), the survival and reproduction of planted host trees with weevil may
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be lessened. In addition, if  root form alters plant allocation for growth and defense, weevil 
attack may begin to have an increased impact on the growth and survival of lodgepole pine 
especially due to the widespread nature of reforestation. These changes occur in combination 
with the fact that harvest origin stands have been shown to have lower genetic diversity 
(lower expected heterozygosity and lower number of alleles) than Ore origin stands 
(Macdonald et al., 2001) and therefore may have less genetic variation in defense 
mechanisms. This study shows that human-altered host properties of pine affect one insect 
herbivore. The long term impact of combined anthropogenic changes in forest ecosystems 
could have evolutionary consequences for plant-insect interactions.
The results of this study have forest management implications as well. The 
cumulative effect of root form in combination with attack by insects, root disease and 
environmental conditions could have widespread implications for tree growth and plantation 
resiliency. As two thirds of the trees excavated in this study showed severe root deformation, 
the growth losses due to root deformation are costly. Essentially, the effects of nursery 
culture (high initial growth rates and genetic selection) are lost as a result of the container 
root form. This, in combination with losses due to planting faults and weevil attack, could 
represent a substantial loss of production in an important timber resource.
53  Future Research
In the future, ideally some long-term studies on the effects of root form in plantations 
on above-ground characteristics should be attempted. Long-term studies have been few in 
the past largely due to the slow growth rates of commercial trees (this is especially 
problematic in cold climate areas such as the Prince George region). They may be few also 
because of the fact that seedling development and planting techniques have changed
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immensely since the 1970's. Bare-root planting is all but obsolete in this area of the province 
and container-grown seedling plugs predominate in reforestation. Container-grown seedlings 
currently represent the best compromise between root form, economics of tree growth, and 
ease of planting. They are far from an ideal way to reforest, however. There are a number of 
research projects that could be designed to improve upon these current methods.
First, a long term study of the effects of planting faults on the above-ground 
characteristics of lodgepole pine under differing site conditions would be useful. The 
preliminary results from this thesis suggest that planting faults do have an effect over and 
above a container effect on the growth and vigour of out-planted trees (Chapter 4). This 
needs to be tested in the field under a number of different site characteristics. I would 
suggest that poor root form in plantation pine is a problem that will increasingly emerge as 
plantations in the north mature. My results suggest that plantation forests may not be as 
resilient or as healthy as the stands that existed before harvest unless root structure improves 
as the tree matures.
Second, the results of the study on the susceptibility of host trees to attack by the 
Warren root collar weevil leaves many avenues for future study. Measurement of the 
amounts and concentrations of plant defense compounds or nutrients in natural versus 
planted trees of all root classes would help to isolate the factors important in weevil host 
selection. This is especially important to adequately evaluate the impact of anthropogenic 
influences on the resiliency of plantation ecosystems (Price, 1997).
Finally, in spite of the difficulty that occurs as a result of measuring many variables, 
more large scale, cumulative studies would give a fascinating glimpse into the differences 
that exist between planted and natural trees as a result of root form. Insect attack, root
136
disease, forest pathogens, plant defense levels and ultimately stand structure and composition 
may be affected by initial tree origin. Studies linking the plantation trees with larger 
ecosystem-level impacts would be invaluable for evaluating our current form of reforestation.
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APPENDIX I
Table 1 .1. Table of site characteristics for the predominantly planted cutblocks surveyed in 2002 and 2003.
It’redom .
PLA NTED A1BI69 0915 001 StdBV A181BS 0518 003 Stdov Stdav A40873 B37 047 Stdev A 40873 6 3 7 1 4 6 std e v A 40873 637 155 SidBV A i s i e e 4 u o o 5 StdBV A IB ieS  0054 002 std e v
#  p l o t s 7 5 7 5 7 5 7 5 7 5 7 6 7 5 5 6
t r e e s / p l o t 1 5 .4 8 1 0 .0 9 1 4 .0 8 1 0 .1 9 1 5 .7 9 1 0 .1 5 8 .9 9 5 .0 7 1 1 .4 0 9 .5 5 1 3 .3 5 7 .1 2 2 9 .2 7 6 1 .3 3 1 1 .9 5 8 .4 8
#  t r e e s / h a 3 0 9 6 .0 0 2 0 1 7 .8 6 2 8 1 6 .0 0 2 0 3 7 .6 S 1 3 1 5 7 ,3 3 2 0 3 0  9 2 1 7 9 7 .3 3 1 0 1 4 .7 5 2 2 8 0 .0 0 1 9 1 0 .9 9 2 6 6 9 .3 3 1 4 2 4 .6 8 5 8 5 4 .0 5 1 2 2 6 6 .4 2 2 3 8 9 .0 9 1 6 9 5 .4 9
w e e v i l / p l o t 0 .6 9 1 .2 9 1 .1 2 1 .5 3 0 .5 5 1 .1 8 1 .0 7 1 .4 1 0 ,8 4 1 .2 2 0 .6 6 1 .2 9 0 .3 1 0 .7 4 0 .8 9 1 .2 4
# w e e v l l / h a 1 3 8 .6 7 2 5 8 .8 4 2 2 4 .0 0 3 0 6 .6 1 1 0 9 .3 3 2 3 5 .4 8 2 1 3 .3 3 2 8 1 .5 7 1 6 8 .0 0 2 4 3 .9 3 1 3 1 .5 8 2 5 8 -3 1 6 2 .1 6 1 4 7 .7 7 1 7 8 .1 8 2 4 8 .4 7
% w e e v i l 4 .4 8 7 .9 5 3 .4 6 11 8 7 7 ,3 7 4 .9 3 1 .0 6 7 .4 6
d e a d / p l o t 0 .0 7 0 2 5 0 .1 9 0 .5 1 0 .1 9 0 .5 9 0 .2 4 0 .4 9 0 .2 0 0 .4 6 0 .1 6 0 .4 6 0 .0 4 0 .2 0 0 ,3 1 1 .1 8
t td e a d lh a 1 3 ,3 3 5 0 ,2 2 3 7 .3 3 1 0 2 .3 7 3 7 .3 3 1 1 7 .1 4 4 8 .0 0 9 7 .7 6 4 0  0 0 9 3 .0 0 3 1 .5 8 9 2 .6 8 8  11 3 9 .7 1 6 1 .8 2 2 3 6 .8 7
%  d e a d 0 .4 3 1 .3 3 1 .1 8 2 .8 7 1 .7 5 1 .1 8 0 .1 4 2 .5 9
< 1 c m / p l o t f .4 4 2 5 8 3 .3 5 6 .7 6 0 .5 1 1 .7 4 0 .3 2 0 .8 6 0 ,3 5 0 .8 7 1 .5 3 2 .5 1 9 .7 3 2 6 .0 7 3 .6 5 6 .6 5
< 1 c m / t i a 2 8 8 .0 0 5 1 5 .9 5 6 6 9 .3 3 1 3 5 1 .8 7 1 0 1 .3 3 3 4 8 .5 5 6 4 .0 0 1 7 1 .3 5 7 0 ,2 7 1 7 3 ,3 9 3 0 5 .2 6 5 0 1 .1 7 1 9 4 5 ,9 5 5 2 1 3 .5 0 7 0 9 .0 9 1 3 2 9 .8 9
D B H 2 8 .6 9 1 5 .4 9 2 6 .4 0 1 3 .6 0 2 7 .8 8 1 3 .1 8 2 9 .7 0 1 3 .0 5 2 4 .9 6 1 0 ,7 5 2 7 .7 9 1 1 .1 8 2 3 .1 5 1 2 .0 4 2 8 .9 8 1 3 .7 8
A s p e c t N (6 8 % ) N (4 8 % ) W (4 8 % ) N (4 4 % ) W (3 8 .7 % ) N (5 7 ,3 % ) N (5 0 % ) N {4 7 .0 8 % )
8 ( 2 2 .7 % )
E (1 .3 % )
W (1 .3 % )
8 ( 2 6 .7 % )
W (6 .7 % )
E (5 .3 % )
S (2 0 % )
E (1 6 % )
N (1 0 .7 % )
E (2 2 .7 % )
S (8 % )
N N W (2 .7 % )
E { 2 9 .3 % )
N (1 4 .7 % )
S (4 % )
8 ( 2 1 .3 % )
E (9 .3 % )
W (5 .3 % )
E  (2 5 .8 % )  
8 ( 2 1 .2 1 % )  
W (3 .0 3 % )
E (2 9 .4 1 % )
3 ( 2 1 .5 7 % }
W (1 .9 6 % )
S l o p e 6 .1 2 5  1 7 5 .2 8 2 .9 6 1 5 .1 1 1 4 .4 1 1 0 .7 2 9 ,2 3 1 0 .8 9 9 .4 7 7 .8 4 9 .7 5 7 .4 7 8 .2 9 6 .0 0 3 .3 3
E l e v a t i o n 2 8 4 5 .2 3 3 2 .2 5 2 6 6 2 .6 8 2 9 .5 0 2 7 7 8 ,5 9 4 4 .1 1 2 7 7 1 .6 8 4 7 .1 0 2 7 7 8 .2 8 2 8 .1 0 2 7 8 2 .8 0 4 5 .9 8 2 8 5 7 ,0 8 3 2 .9 1 2 8 8 1 .7 1 3 6 .6 0
B E C S B S  m k l S B S  m k l S B S  m k l S B S  m k l S B S  m k l S B S  m k l S B S  m k l S B S  m k l
S i t e  s e r i e s 0 1 / 0 3 / 0 5 / 0 7 / 0 1 / 0 3 / 0 5 / 0 7 / 0 1 / 0 3 / 0 5 / 0 7 /
p r e s e n t 0 1 / 0 8 / 0 9 0 1 / 0 5 / 0 7 / 0 9 0 8 0 1 / 0 7 / 0 9 0 1 / 0 3 / 0 5 / 0 7 0 9 0 9 0 3 / 0 5 / 0 7
P i / p i o t 1 1 .7 7 8 .9 8 1 1 .7 2 1 0 .6 7 7 .4 3 3 .7 9 6 .8 0 3 .1 1 6 .0 8 2 .9 4 8 .8 4 4 ,1 5 9 .5 9 1 0 .6 3 6 .0 9 4 .0 4
P i / t i a 2 3 5 4 .6 7 1 7 9 6 ,2 6 2 3 4 4 .0 0 2 1 3 4 .5 4 1 4 8 5 .3 3 7 5 7 .0 7 1 3 6 0 .0 0 6 2 2 .9 8 1 2 1 6 .0 0 5 8 8 .8 7 1 7 6 8 .4 2 8 2 9 .4 9 1 9 1 8 .9 2 2 1 2 6 ,6 5 1 2 1 8 .1 8 8 0 8 ,5 4
S x / p i o t 1 .0 8 2 .0 1 1 .2 0 2 .3 2 0 .3 1 1 .4 0 0 .2 0 0 .9 9 0 -1 2 0 .7 2 0 .2 8 1 ,4 1 1 6 .9 2 6 3 ,7 2 4 .1 4 2 .9 9
S x / t i a 2 1 6 ,0 0 4 0 2 .3 7 2 4 0 .0 0 4 6 4 .9 9 6 1 .3 3 2 8 0 .6 7 4 0 .0 0 1 9 7 .2 8 2 4 .0 0 1 4 3 .1 7 5 5 .2 6 2 8 2 .0 8 3 3 8 4 .1 3 1 2 7 4 4 .9 6 8 2 8 .5 7 5 9 7 .6 1
B i / p i o t 2 .7 5 4 ,1 3 1 .1 3 2 ,3 9 7 .9 3 9 .4 0 2 .1 2 3 .5 1 5 .1 3 8 .3 5 4 .2 1 6 .7 2 1 2 .1 3 1 7 .8 1 7 .3 8 1 0 .8 1
B i / t i a 5 4 9 .3 3 8 2 5 .3 4 2 2 6 ,6 7 4 7 7 .9 8 1 5 8 6 .6 7 1 8 8 0 .8 7 4 2 4 .0 0 7 0 2 .8 6 1 0 2 6 .6 7 1 6 6 9 .5 5 8 4 2 .6 7 1 3 4 3 .3 7 2 4 2 5 ,0 0 3 5 6 2 .8 0 1 4 7 5 .0 0 2 1 6 1 .6 9
S o i l
p r e sc r ip t io n
SiL  ■ roo t  
r estr ic t in g  la y e r  
3 0 - 9 0  c m  d e e p S /L S /S L p r e cr ip t lo n
L o a m , s a n d  
a n d  s a n d y
S ilt  lo a d , S ilty  
c la y  lo a m , s a n d y  
lo a m  a n d  s a n d
P l a n t  d a t e 5 / 1 5 / 1 9 9 8 - 5 / 1 5 / 1 9 9 8 - 4 7 . 8 h a 6 / 1 1 / 1 9 9 7 - 3 0 h a 6 /1 1 / 1 9 9 7 - 6 / 1 2 / 1 9 9 7 - 6 / 5 / 1 9 9 7 - 2 / 6 / 1 9 9 7 - 5 1 . 4 h a 1 5 /1 5 /1 9 9 7
5 / 1 5 / 1 9 9 7 - 3 7 h a 7 / 1 0 / 1 9 9 8 - 3 . 3 h a 15/06/2000  - O .S ha
5 / 1 5 / 1 9 9 6 - O .S h a 5 / 3 0 / 2 0 0 0 -  I.O h a
Y e a r s  s i n c e
p l a n t 6 4  to  5 5 5 5 5 3  to  5 5
P l a n t e d  s p i t 1 3 4 6 P I(  9 4 8 S X 2 3 9 - 2 7 7 8 1 2 7 5 - 1 6 5 0 1 3 8 8 1 3 2 5 - 2 5 5 0 1 1 3 8 - 1 4 9 5 9 5 2 - 6 0 4 1 4 0 1 - 1 3 2 9
S p e c i e s
p l a n t e d  ( % Pii-Sx m ix
o f  a r e a P li (6 8 % ) P li (7 7 % ) Pli (9 0 % ) (9 1 % ) P li (5 0 % ) S x Pli (5 1 % ) S x
p l a n t e d ) S x  (3 2 % ) S x  (2 3 % ) S x  (1 0 % ) S x  (9% ) Pli (1 0 0 % ) P li (1 0 0 % ) (5 0 % ) (4 6 % )
S i t e  p r e p m o u n d in g  1 9 9 5 m a n u a l b r u s h in g  2002 m a n u a l b r u s h in g  2 0 0 2  m a n u a l b r u s h in g  2 0 0 2  b a c k p a c k  h e r b  2 0 0 1 a e r ia l h e r b  2 0 0 1 m o u n d in g  1 9 9 6 b a c k p a c k  s p r a y  1 9 9 9
a e r ia l h e r b  2 0 0 1 a e r ia l h e r b  2 0 0 1 a e r ia l h e r b  2 0 0 1 a e r ia l h e r b  2 0 0 1 3 m  k n o c k d o w n  2 0 0 1 pHe b u rn in g  1 9 9 6
p a t c h  s c a r ify  1 9 9 6 3M  k n o c k d o w n  2 0 0 1 p ile  b u rn  1 9 9 7 P ile  b u rn in g  1 9 9 7 p ile  b u rn in g  1 9 9 7 a e r ia l h e r b  2 0 0 0
p i le  b u rn in g  1 9 9 7 m a n u a l g ird lin g  2 0 0 1
Table I. 2. Table of site characteristics for the fill-planted cutblocks surveyed in 2003.
P re d o m .
NATURAL A a 0 0 0 « 2 f5  00 f s td e v A 40873 458  721 Slctev A ia i6 7  515 001 Stdev A40873 S 4 6003 std e v 418186  634 W 2 std e v At 6186 656 001 std e v A18166 659  002 StdBV A 161W 663 (U1 S Idsv
# plots 71 1 7 6 6 4 6 7 5 3 8 7 5 5 7
tre e s /p lo t 3 0 .2 3 2 1 .4 8 8 .6 5 5 .9 5 2 1 .8 9 1 6 .2 8 4 3 .7 8 3 8 .4 5 1 3 .1 3 1 0 .1 9 1 8 .1 1 1 0 .6 3 2 0 .6 0 1 6 .8 1 2 8 - 6 3 1 7 .6 9
#  t re e s /h a 6 0 4 5 .0 7 4 2 9 5 .9 4 1729.41 1 1 8 9 .4 1 4378.79 3255.50 8756.52 7 6 9 0 .2 1 2 6 2 6 .6 7 2 0 3 7 .8 4 3 6 2 1 .0 5 2 1 2 5 .6 7 4 1 2 0 .0 0 3 3 6 2 .7 5 5 7 2 6 .3 2 3 5 3 7 .6 8
w eevll/plot 2 .7 9 3 .5 8 1.71 1 .9 6 1 ,4 1 2 .2 4 0 - 7 6 1 .3 4 0 .4 4 0 .8 9 0 .9 2 1 .2 4 0 .8 5 1 .3 0 1 .4 4 2 .0 2
#w eev li/ha 5 5 7 .7 5 7 1 5 .4 7 341.18 3 9 2 .2 0 2 8 1 .8 2 4 4 7 .8 7 1 5 2 .1 7 2 6 7 .2 8 8 8 .0 0 1 7 7 .7 9 1 8 4 .2 1 2 4 7 .7 2 1 7 0 .6 7 2 6 0 .3 4 2 8 7 ,7 2 4 0 3 .5 9
% weevl{ 9 .2 3 19.73 6 ,4 4 1 .7 4 3 .3 5 5 .0 9 4 .1 4 5 .0 2
dead/plot 0 .6 6 1 .2 6 0 .0 6 0 .2 4 0 ,2 4 0 .6 1 0 ,1 7 0 ,4 9 0 .1 6 0 .4 4 0 .1 8 0 .5 6 0 .2 4 0 .4 9 0 .0 9 0 .3 4
# d e a d /h a 1 1 2 .6 8 2 5 2 .3 8 11.76 4 8 .5 1 4 8 .4 8 12 1  8 4 3 4 .7 8 9 7 .1 1 3 2 ,0 0 8 7 .2 4 3 6 .8 4 1 1 2 .5 2 4 8 .0 0 9 7 ,7 6 1 7 .5 4 6 8 .4 6
% d e a d 1 .8 6 0.68 1 .1 1 0 - 4 0 1 .2 2 1 .0 2 1 .1 7 0 .3 1
<1 cm /plo t 2 .1 8 5 .3 3 2 6 5 1 .7 7 4 .5 0 7 .2 3 1 3 .2 0 1 7 .4 8 3 .8 1 3 .4 9 2 .0 0 2 .4 5 3 .4 4 5 .5 9 0 .3 4 0 .9 0
< t  cm /h a 436.62 1 0 6 6 .0 0 529.41 3 5 3 .1 4 9 0 0 .0 0 1 4 4 6 .1 6 2 6 3 9 .1 3 3 4 9 6 .4 4 7 6 2 .6 7 6 9 8 .0 2 4 0 0 .0 0 4 8 9 .9 0 6 8 8 .0 0 1 1 1 8 .0 3 6 7 .8 6 1 8 0 .0 1
DBH 2 6 .8 0 9 ,3 3 3 1 .1 8 21.22 3 0 .9 7 1 5 .2 3 2 6 ,7 8 8 .5 0 1 9 .6 9 7 .2 4 3 5 .8 6 1 4 .3 8 2 5 - 2 5 1 2 -8 4 3 4 ,6 9 1 5 .1 7
A sp ec t N (3 2 .8 % ) E (2 4 ,0 % ) W (2 8 % )
W (2 8 .6 % )
S ( U .3 % )
N W (1 0 .0 % )
E (8 .6 % )
N E (2 .9 % )
S E { 1 .4 % )
S W { 1 .4 % )
S ( 5 8 .8 % )
E (1 7 .6 % )
W (1 7 .6 % )
W (5 .8 % )
E (5 3 .8 % )
N (2 0 % )
S E (9 .2 % )
5 ( 6 .1 % )
N E (4 .6 % )
W (4 .6 % )
S W (1 .5 % )
6 ( 7 3 .9 % )
N E (8 .7 % )
S E {6 .5 % )
N (4 .3 % )
W (4 .3 % )
N W {2 .2 % )
N (2 2 .7 % )
W (1 8 .7 % )
5 ( 1 6 .0 % )
N W (8 .0 % )
S W ( 8 .7 % )
N E (2 .7 % )
S E (1 .3 % )
N (4 7 .4 % )
N W (2 1 .0 % )
W (1 5 .8 % )
S E (7 ,9 % )
N E ( 5 ,3 )
8(2.6)
E (2 1 .3 % )
8 ( 1 8 .7 % )
S W (9 .3 % )
N (8 .0 % )
N W (6 .7 % )
S E (5 .3 % )
N £ (2 .7 % )
N (5 8 .9 % )
5(12.5%)
N E (7 .1 % )
8 ( 7 .1 % )
N W (7 .1 % )
W (5 .4 % )
S W ( 1 .8 % )
Slope 8 .3 1 7 ,4 8 1 1 .2 4 7 ,9 7 6 .6 4 4 .4 3 6 ,3 3 4 .6 3 5 .6 9 3 ,5 0 6 .5 5 3 .8 0 5.79 6 .7 5 12.04 7 ,1 7
Elevation 3 2 6 2 .9 2 4 3 .1 4 2 8 8 9 .1 2 2 0 .7 7 3 0 3 5 .7 7 3 3 .0 9 2 7 0 5 .2 6 2 2 .5 3 2 6 3 9 .2 7 1 6 .0 3 2 4 9 0 ,4 5 1 6 .8 1 2622.09 1 8 .9 6 2925.91 4 8 .3 7
BEC S B S  d w  3 S B S  d w  3 S B S  d w 2 S B S d w 2 S B S  d w  2 S B S  d w 2 S B S  d w 2 S B S  d w 2
S ite  s e r ie s 0 5 / 0 6 / 0 7 / 0 9 / 0 1 / 0 5 / 0 6 / 0 8 / 01 /0 2 /04 / 0 6 /0
presen t D IG 0 1 / 0 3 0 9 0 1 / 0 3 / 0 6 / 0 7 0 3 / 0 5 / 0 6 06 /07/010 0 3 / 0 5 / 0 6 8 / 0 9
Pl/plot 2 6 .6 2 2 2 .3 3 7 .6 5 6 .4 3 1 8 .5 3 1 3 .5 1 4 3 ,2 4 3 8 .7 9 1 3 ,1 2 10.17 1 6 .5 3 9 .7 6 2 0 .4 5 1 6 .8 4 2 2 .2 3 1 7 .7 5
P l/h a 5 3 2 3 ,9 4 4 4 6 5 .2 8 1 5 2 9 .4 1 1 2 8 6 ,3 5 3 7 0 6 .0 6 2 7 0 2 .0 7 8 6 4 7 .8 3 7 7 5 8 .3 7 2 6 2 4 ,0 0 , 2 0 3 3 .4 9 3 3 0 5 ,2 6 1 9 5 1 .1 5 4 0 9 0 .6 7 3 3 6 8 .1 0 4 4 4 5 .6 1 3 5 4 9 ,0 5
S x/plot 3 .5 2 4 .7 4 1 .9 1 1 .0 4 5 .6 3 8 ,3 4 2 .1 9 1 .2 0 1 .5 0 0 .7 1 2 ,6 5 1 .5 6 1 .0 0 o n ly  o n e 3 .6 0 3 .7 7
S x /h a 7 0 4 .2 3 9 4 7 .6 9 3 8 1 .8 2 2 0 8 .8 9 1 1 2 6  8 3 1 6 6 7 .7 9 4 3 8 .4 6 2 4 0 .1 3 3 0 0 ,0 0 1 4 1 ,4 2 5 3 0 .4 3 3 1 1 ,0 6 2 0 0 .0 0 o n ly  o n e 7 1 9 .3 0 7 5 4 ,8 5
Bl/plot o n ly  o n e o n ly  o n e
0 .1 8 0 .7 7 1 .0 0 1 .1 7 0 .4 1 0 .0 0 0 .0 0 D.OO 0 .0 0 1 .0 0 v a lu e 6 - 0 0 o n ly  o n e 2 .8 1 3 .2 1
Bi/ha o n ly  o n e o n ly  o n e o n ly  o n e
3 6 .3 6 153.74 2 0 0 .0 0 2 3 3 .3 3 8 1 .6 5 0 .0 0 0 .0 0 0 .0 0 0 .0 0 2 0 0 .0 0 1 2 0 0 .0 0 5 6 1 ,4 0 6 4 1 .9 2
Soil
L S L S C L , C L . L S iL . S i . L S S L S iL
n /a  in fife - u s e  
s a m p le S I
P la n t d a te p la n t  1 9 9 7  ( 4 5 .4 h a )  fill p la n t 2 0 0 1  ( 8 .4 h a )  fill p la n t 1 9 9 8  ( 2 1 .2 h a )  p la n te d  1 9 9 8  { 1 7 .9 )  fill p la n t  2 0 0 0  ( 4 7 .8 h a )  fill p la n t  1 9 9 7 ( 2 1 .9 )  fill p la n t  1 9 9 7  ( 1 5 7 ,0 )  IHI p la n t  1 9 9 6 ( 1 9 .8 h a )
« « p l a n t  1 9 9 8  ( 2 0 .9 )
6 2 5 5 3 6  t o  6 6 7
Y e a rs  s in ce c h a in  d r a g  lo r C hain  d r a g  tor C hain  d r a g  for c h a in  d r a g  for c h a in  d r a g  for c h a in  d r a g  for c h a in  d r a g  for c h a in  d r a g  for
p lan t n a tu r a ls  1 9 9 3 n a tu r a ls  1 9 9 5 n a tu r a ls  1 9 9 3 n a tu r a ls  1 9 9 6 n a tu r a ls  1 9 9 4 n a tu r a ls  1 9 9 3 n a tu ra ls  1 9 9 3 n a tu r a ls  1 9 9 4
P la n te d  sp h 1 0 8 1 0 7 9 10 1 0 9
S p e c ie s
2 6 5 (P li)  
4 4 6  (F d i)
p la n te d  (%
1 9 9 7 ;  1 2 3 7 (P li)
of a re a 7 3 2 (P !i) 4 7 1  (P li) 1 0 9 6  (P li) 1 9 9 8 ;  1 7 1 (P li) 3 0 7 (P ff)
p lan ted ) 273(8%) 4 6 2  (S x ) 1 0 3 8 (P li) 434(3%) 4 9 8 (P fi) 5 0 1  (S x ) 1 0 5 7  (P li) 194(6%)
S p e c ie s
p lan te d  (% 1 9 9 7 :
of a re a
p lan ted )
PH {73% )
P lt(1 0 0 % ) P li(2 2 % )
P li (5 0 % ) P li(7 2 % ) 1 9 9 8 :  P li{25% ) F d i(3 7 % )
S x ( 2 7 % ) S x  (5 0 % ) P !i(1 0 0 % ) S x (2 8 % ) P ii(1 0 0 % ) S x (7 5 % ) pn(ioo%) S x ( 1 6 % )
S ite  p re p m o u n d in g  ( 6 ,3 h a ) m o u n d in g  ( 0 .7 h a ) m o u n d in g  1 9 9 3  ( 9 .8 h a )  a e r ia l h e r b  2 0 0 1  ( 0 .7 h a ) a e r ia l h e r b  2 0 0 1 m o u n d in g  1 9 9 3 a e r ia l h e r b ic id e  1 9 9 9  m o u n d in g  1 9 9 4  ( 1 4 .3 h a )
b r u s h s a w  c u t tin g  ( 6 .3 h a ) m a n u a l b r u s h in g  2 0 0 2  ( 3 .5 h a ) p ile  b u rn in g  1 9 9 3 fer if ize r  t 9 9 5 ( 1 0 .4 h a )
a e r ia l h e r b  1 9 9 6 m a n u a l b r u s h in g  1 9 9 7  ( 7 3 .1  h a )
m a n u a l c u ttin g  1 9 9 7 b a c k p a c k  s p r a y in g  1 9 9 7  ( 7 3 .1 h a )
a e r ia l h e r b ic id e  2 0 0 2
APPENDIX II 
II I Complete data analysis assumptions for Chapter 2
All data analyses were performed using SYSTAT 9.0 (1999) except for the 
Spearman's rank correlations which were performed by STATISTIC A 5.0 (1997).
The percentage of trees in each root class was calculated for planted and natural trees 
as an index of the prevalence of root deformity.
77.7.2 Root form  differences between planted and natural trees
Comparison of the overall root class between planted and natural trees was done 
using a Pearson's chi-squared test to determine whether the number of planted versus natural 
trees differed from the expected values at each level of overall root class. The two 
assumptions for chi-square tests are random sampling and independent measurements 
(Townend, 2002). The data collection method in this study satisfies these assumptions.
A binary logistic regression was used in order to identify the individual root 
characteristics that significantly predict the differences between planted and natural root 
systems. The nine individual root characteristics hsted in Table 2.1 (taproot, j-root, spiral 
root, vertical compression, lateral spread, lateral compression, slit root morphology, braided 
root, and root pairs) in combination with the number of sections with laterals, the total 
number of laterals, and the total root surface area were used to predict tree origin (natural 
versus planted). Direct logistic regression (in which all parameters are entered into the 
equation at the same time) was used in order to evaluate each predictor after all of the other
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parameters are accounted for (Tabachnick and Fidell, 2001). The following assumptions 
(Tabachnick and Fidell, 2001) for logistic regression were satisAed by the data:
# Ratio of cases to variables: the sample size used for this analysis was 506, of which 
289 were planted and 217 natural trees. Parameter estimates are not extremely high 
(Tabachnick and Fidell, 2001); in all cases the unstandardized estimates were less 
than two (Menard, 2002).
# Adequacy of expected frequencies and power Braided root and spiral root were the 
discrete variables used in this analysis (due to constraints imposed by the linearity of 
the logit assumption). The expected frequencies were all greater than five when 
braided root or spiral root was paired with tree origin in a chi-squared test.
# Linearity of the Logit: the Box-Tidwell approach for testing linearity of the logit was 
performed for the continuous variables used in the regression (Tabachnick and Fidell, 
2001). Two variables violated this assumption: spiral root and braided root. Both 
variables were converted to dichotomous variables. Thus, for each variable, 
deformation levels 0 and 1 became 0, and deformation levels 2 and 3 became 1.
# Absence of multicolinearity: All variables were entered into a Pearson correlation 
matrix. All correlations were well below 0.7 (as recommended by Tabachnick and 
Fidell, 2001) except for 'sections with laterals paired' with 'total number of laterals'. 
Because 'sections with laterals' conveys a sense of lateral distribution around the 
stem, this variable was left in the analysis and 'total number of laterals' was removed 
from the analysis.
# Independence of errors: independence of errors assumes that each response (planted 
versus natural) is independent of the other responses (Tabachnick and Fidell, 2001).
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The root form of adjacent trees has no effect on the randomly selected test trees, and
therefore, the assumption of independence of errors is satisfied.
In using direct logistic regression there is some possibility that a significant 
contribution of an independent variable may be masked by small contributions of other 
independent variables (Tabachnick and Fidell, 2001). Therefore, each parameter was also 
tested individually for significance. Finally, the same analysis was run for trees in the Low 
and Moderate root classes alone in order to determine whether root form played a role in the 
different growth rates for these classes.
IL1.3 Growth and growth rate differences between planted and natural trees
Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were used to 
test the difference in growth and growth rate for planted versus natural trees.
Height to diameter ratio (height in centimeters divided by diameter in centimeters) 
was used as a measure of tree growth. Height to diameter ratio was used primarily in order 
to pool all of the trees from age 3 to age 10 in the data set. Height to diameter ratio allows 
for comparison of tree height while essentially accounting for diameter. It also reduces the 
considerable variation that results because of the range of tree ages sampled.
Mean annual diameter increment (diameter growth measured in millimetres divided 
by tree age) and mean annual height increment (total height growth measured in centimetres 
divided by tree age) were used as measures of tree growth rate.
The following assumptions (Townend, 2003) for ANOVA were satisfied by the data: 
* Independent measurements: Again, independence of samples is assured by their 
random selection and the lack of impact that one root system has on the next tree
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sampled. Trees were rarely adjacent to each other in the same plot and therefore, 
even competition effects should be negligible.
* Normal distributions: Each variable in the analysis was checked for significant 
skewness and kurtosis. The underestimation of variance due to positive or negative 
kurtosis disappears with a sample size greater than 200 samples (Tabachnick and 
Fidell, 2001). Because n > 200 for all of the analyses, significant kurtosis is not a 
problem. Skewness, however must still be addressed in the data. Tabachnick and 
Fidell (2001) identify significant skewness with a z-statistic of greater than two. The 
following transformations (Table II. 1) were taken from Tabachnick and Fidell (2001) 
in order to reduce skewness to non-significant levels (i.e. a z-score less than two):
Table II. 1. Transformations for non-normal variables used in the analysis of 
variance tests.
Variable Skewness S.E. z-statistic T ransformation 
equation
Height to diameter 
ratio
0.870 0.134 6.49 = sqrt(height to 
diameter ratio)
Mean annual 
diameter increment
0.736 0.136 5.412 = sqrt(mean annual 
diameter increment)
Mean annual height 
increment
0.621 0.136 4.566 = sqrt(mean annual 
height increment)
Stability 1.028 0.150 6.853 = sqrt(stability)
The ANOVA's were conducted using both the transformed and untransformed 
variables. Where the results were the same, i.e., where both tests were signiRcant, 
the test using the untransformed variables was reported. This was done to increase 
the interpretability of the results and the graphs (Tabachnick and Fidell, 2001).
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# Equal variances: Tabachnick and Fidell (2001) suggest that the ratio of the largest 
cell variance to the smallest cell variance should not be greater than 4 to 1. If the 
variance is larger in the cell with the fewest samples, then a ratio of 3 to 1 should not 
be exceeded. For all of the variables, the ratio does not exceed 1.36 (for difference in 
variance of root surface area between planted and natural trees). Therefore, the 
assumption of equal variances is satisfied for all of the variables tested.
roof/brm ow growf/:, growfA Aefween
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ANOVA and ANCOVA were again used to assess height to diameter ratio (tree 
growth), the mean annual diameter increment and the mean annual height increment (growth 
rate), and stability differences among root classes. The same independence of measurements 
and the transformations from the previous section are applicable. In order to equalize the 
variances for each of the levels of overall root class, the ‘good’ and ‘low’ levels were 
combined into one category (still called ‘low ’). The assumption of equal variances was then 
tested between overall root classes for each variable. Again, none of the ratios are greater 
than 1.5 for any of the variables among the three levels of overall root class.
Spearman’s rank correlation was used to identify the individual root characteristics 
associated with changes in height to diameter ratio, mean annual diameter increment and 
mean annual height increment for both planted and natural trees. Spearman’s rank 
correlation was used because there are no assumptions about the shapes of distributions, and 
ordinal data are acceptable (Townend, 2003). Most of the root characteristics are ordinal 
data (taproot, J-root, spiral root, vertical compression, lateral spread, lateral compression, slit
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morphology, braided root, and root pairs), and the rest of the data are non-normal (total 
number of laterals, root surface area) except for 'sections with laterals' and age.
m Kve omf dewf (reef
Direct logistic regression was again used to determine the root characteristics that are 
important in distinguishing between live and dead trees regardless of tree origin (planted or 
natural). The following assumptions (Tabachnick and Fidell, 2001) for logistic regression 
were satisfied by the data:
# Ratio of cases to variables: the sample size used for this analysis was 571, of which 
492 were live and 79 were dead trees. Parameter estimates are not high (Tabachnick 
and Fidell, 2001); in all cases the unstandardized estimates were well below two 
(Menard, 2002).
# Adequacy of expected frequencies and power: No discrete variables were used in this 
analysis.
# Linearity of the Logit: the Box-Tidwell approach for testing linearity of the logit was 
performed for the continuous variables used in the regression (Tabachnick and Fidell, 
2001). None of the variables violated this assumption for this analysis.
# Absence of multicolinearity: All variables were entered into a Pearson correlation 
matrix. All correlations were well below 0.7 (as recommended by Tabachnick and 
Fidell, 2001) except for 'sections with laterals paired' with 'total number of laterals'. 
Because 'sections with laterals' conveys a sense of lateral distribution around the 
stem, this variable was left in the analysis and 'total number of laterals' was removed.
# Independence of errors: independence of errors assumes that each response (live 
versus dead) is independent of the other responses (Tabachnick and Fidell, 2001).
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The root form of ac^acent trees has no effect on the randomly selected test trees, and
therefore, the assumption of independence of errors is satisfied.
nJ2 Complete data analysis assumptions for Chapter 3
All data analyses were performed using SYSTAT 9.0 (SPSS, Inc. year)
77.7.6 o» fo weewf
A matched case-control (discrete choice) analysis was performed in order to identify 
the root parameters that were important in predicting weevil tree choice. This analysis used 
matched weevil-attacked and unattacked trees that occurred in the same plot. Two separate 
discrete choice logistic regression models were created for planted and natural trees in order 
to identify any differences in root parameters depending on tree origin that influence weevil 
tree choice.
The following assumptions (Tabachnick and Fidell, 2001) for logistic regression were 
satisOed by the data:
# Ratio of cases to variables: the sample size used for this analysis was 104 pairs of 
planted trees and 83 pairs of natural trees. Parameter estimates are not extremely 
high (Tabachnick and Fidell, 2001); in all cases the unstandardized estimates were 
less than two (Menard, 2002) except for the lateral compression estimate in the 
natural trees data set which was slightly larger than two.
# Adequacy of expected Aequencies and power: There were no discrete variables used 
in the analysis.
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# Linearity of the Logit: the Box-Tidwell approach for testing linearity of the logit was 
performed for the continuous variables used in the regression (Tabachnick and Fidell, 
2001). No variables violated the assumption for planted trees or natural trees.
# Absence of multicolinearity: All variables were entered into a Pearson correlation 
matrix. All correlations were well below 0.7 (as recommended by Tabachnick and 
Fidell, 2001) except for 'sections with laterals paired' with 'total number of laterals'. 
Because ‘sections with laterals' conveys a sense of lateral distribution around the 
stem, this variable was left in the analysis and ‘total number of laterals’ was removed 
from the analysis.
# Independence of errors: independence of errors assumes that each response (planted 
versus natural) is independent of the other responses (Tabachnick and Fidell, 2001). 
The root form of adjacent trees has no effect on the randomly selected test trees, and 
therefore, the assumption of independence of errors is satisfied.
Pearson's chi-squared test was also used for determining any difference in presence 
or absence of weevil in planted versus natural trees. The entire data set was used for this 
analysis. Again, the assumptions of the chi-square test were met by the data collection 
method and none of the expected frequencies were less than five.
Zmpocf «/weevif owf roof dovg/qprngMf on free growfA /wwngfors
Analysis of variance (ANOVA) was used to determine the impact of overall root 
form and each root characteristic on height to diameter ratio of trees. Analysis of covariance 
(ANCOVA) was used to evaluate any difference between continuous root variables (total
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number of laterals, number of sections containing laterals, and root surface area) for attacked 
and unattacked trees using diameter as the covaiiate.
The following assumptions (Townend, 2003) for ANOVA were satisfied by the data:
# Independent measurements: Independence of samples is assured by their random 
selection and the lack of impact that one root system has on the next tree sampled. 
Trees were rarely adjacent to each other in the same plot and therefore, even 
competition effects should be negligible.
* Normal distributions: Each variable in the analysis was checked for significant 
skewness and kurtosis. The underestimation of variance due to positive or negative 
kurtosis disappears with a sample size greater than 200 samples (Tabachnick and 
Fidell, 2001). Because n > 200 for all of the analyses, significant kurtosis is not a 
problem. Skewness, however must still be addressed in the data. Tabachnick and 
Fidell (2001) identify significant skewness and kurtosis with a z-statistic of greater 
than two. The following transformations (Table II. 2) were taken from Tabachnick 
and Fidell (2001) in order to reduce skewness to non-significant levels (i.e. a z-score 
less than two):
Table n .  2. Transformations for non-normal variables used in the analysis of 
variance tests.
Variable Skewness SÆ. z-statistic Transformation equation
Height to 0.870 0.134 6.49 = sqrt (height to diameter
diameter ratio ratio)
Height 0.536 0.133 4.03 = sqrt (height)
Diameter 0.428 0.134 3.19 = sqrt (diameter)
The ANOVA's were conducted using both the transformed and imtransformed 
variables. Where the results were the same (i.e. where both tests were significant).
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the test using the untransformed variables was reported. This is to increase the 
interpretability of the results and the graphs (Tabachnick and Fidell, 2001).
* Equal variances: Tabachnick and Fidell (2001) suggest that the ratio of the largest 
cell variance to the smallest cell variance should not be greater than 4 to 1. If the 
variance is larger in the cell with the fewest samples, then a ratio of 3 to 1 should not 
be exceeded. Two of the variables violated this assumption: vertical compression and 
root pairs. To rectify the violation, levels 2 and 3 were combined into a single level 2 
before running the analysis.
Analysis of covariance (with diameter as the covariate) was then used to compare 
stability for attacked versus unattacked trees and planted versus natural tree origin.
The following assumptions (Townend, 2003) for ANOVA were satisfied by the data:
• Independent measurements: Satisfied by the data collection methods
# Normal distributions: The stability variable was also signiHcantly positively skewed 
and was therefore transformed using equations (Table H. 3) from Tabachnick and 
Fidell (2001):
Table II. 3. Transformations for non-normal variables used in the analysis of 
variance tests.
Variable Skewness S.E. z-statistic Transformation equation
Stability_________ 1.028 0.150_____ 6.85 = sqrt (stability)___________
The ANOVA's were conducted using both the transformed and untransformed 
variables. Where the results were the same (i.e. where both tests were significant), 
the test using the imtransformed variables was reported. This is to increase the 
interpretability of the results and the graphs (Tabacnnick and Fidell, 2001).
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# Equal variances: The variance ratios did not exceed the recommended values by 
Tabachnick and Fidell (2001).
n.J.iO on morkz&fy due (o woevif
A binary logistic regression was used in order to identify the individual root 
characteristics that significantly predict the differences between live and dead trees with 
weevil attack. The nine individual root characteristics (taproot, j-root, spiral root, vertical
compression, lateral spread, lateral compression, slit root morphology, braided root, and root 
pairs) in combination with the number of sections with laterals, and the total root surface area 
were used to predict tree status (live or dead). Age was included in the analysis as well in 
order to account for the fact that most dead trees were sampled at least a year after their death 
and so were consistently younger than the live sampled trees. Direct logistic regression 
(where all parameters were entered into the equation at the same time) was used in order to 
evaluate each predictor after all of the other parameters are accounted for (Tabachnick and 
Fidell, 2001). The following assumptions (Tabachnick and Fidell, 2001) for logistic 
regression were satisfied by the data:
# Ratio of cases to variables: the sample size used for this analysis was 279, 217 live 
trees were used and 62 dead trees were used. Parameter estimates are not extremely 
high (Tabachnick and Fidell, 2001); in all cases the unstandardized estimates were 
less than two (Menard, 2002).
# Adequacy of expected frequencies and power: No discrete variables were used in this 
analysis.
# Linearity of the Logit: the Box-Tidwell approach for testing linearity of the logit was 
performed for the continuous variables used in the regression (Tabachnick and Fidell,
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2001). Root surface area violated this assumption and so was removed from the 
analysis. To preserve some level of information about root surface area, the average 
root surface area was used in the analysis as it does not violate the linearity of the 
logit assumption.
# Absence of multicolinearity: All variables were entered into a Pearson correlation 
matrix. All correlations were well below 0.7 (as recommended by Tabachnick and 
Fidell, 2001) except for 'sections with laterals paired' with 'total number of laterals'.
Because ‘sections with laterals’ conveys a sense of lateral distribution around the 
stem, this variable was left in the analysis and ‘total number of laterals’ was removed 
from the analysis.
# Independence of errors: independence of errors assumes that each response (planted 
versus natural) is independent of the other responses (Tabachnick and Fidell, 2001). 
The root form of adjacent trees has no effect on the randomly selected test trees, and 
therefore, the assumption of independence of errors is satisfied.
ÏI.3 Complete data analysis assumptions for Chapter 4
A repeated measures analysis of variance (ANOVA) was performed using treatment 
as the factor for the Red Rock trial and treatment, block and the treatment*block interaction 
as factors in the greenhouse trial. All data analyses were performed using SYSTAT 9.0 
(1999). The following assumptions (Townend, 2003) for ANOVA were satished by the data:
# Independent measurements: Independence of samples is assured by their random 
distribution and the lack of impact that one root system has on the next tree sampled.
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Trees were spaced at 50 cm intervals at red rock and kept in separate pots in the 
greenhouse conditions at the Enhanced Forestry Laboratory.
# Normal distributions: Each variable in the analysis was checked for signiGcant 
skewness and kurtosis. The underestimation of variance due to positive or negative 
kurtosis disappears with a sample size greater than 200 samples (Tabachnick and 
Fidell, 2001). Because n > 200 for all of the analyses, signiGcant kurtosis is not a 
problem. Skewness, however must still be addressed in the data. Tabachnick and 
Fidell (2001) identify significant skewness with a z-statistic of greater than two. All 
of the variables had z-statistcs less than or just above two so none of the variables 
were transformed for the analysis.
• Equal variances: Tabachnick and Fidell (2001) suggest that the ratio of the largest 
cell variance to the smallest cell variance should not be greater than 4 to 1. If the 
variance is larger in the cell with the fewest samples, then a ratio of 3 to 1 should not 
be exceeded. For all of the variables, the raGo does not exceed 3 to 1. Therefore, the 
assumpGon of equal variances is saGsGed for all of the variables tested.
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